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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



Applicant: 
Serial Number: 



Ilan D. HABER et al. 



Filed: 



For: 



Art Unit: 



Not yet assigned 

March 10, 2000 as PCT/IL00/00104 and Herewith as US National Stage 
ATMOSPHERIC OPTICAL COMMUNICATION 

Not yet assigned 



Honorable Commissioner of Patents and Trademarks 
Washington DC 20231 



PRELIMINARY AMENDMENT 



Sir: 



Further to the concurrent filing of a U.S. national stage application of PCT Application No. 
PCT/IL00/00104, kindly amend the application as follows: 

IN THE SPECIFICATION 

Kindly add the following paragraph on page 1, after the "Related Applications" header and 
before the pending first paragraph: 

-This application is a U.S. national filing of PCT Application No. PCT/ILO0/00104, filed 

March 10, 2000.-- 



Kindly delete claims 1-186 without prejudice. 
Kindly add the following claims 187-246: 

187. (New) A method of transferring a data-carrying light beam, comprising: 
transmitting the data-carrying light beam through the atmosphere; 

directing a received beam including at least a portion of the transmitted beam into at least 
one fiber; and 

changing the amplitude of the received beam directed into the at least one fiber, by a 
variable amplification or attenuation, using optical apparatus, wherein at least some of the 
amplitude changes comprise attenuations. 



IN THE CLAIMS 
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188. (New) A method according to claim 187, wherein changing the amplitude comprises changing 
by a factor determined responsive to an extent to which the received beam was affected by the 
atmosphere. 

189. (New) A method according to claim 188, wherein changing the amplitude comprises changing 
by a factor determined responsive to an extent to which the received beam was affected by 
atmospheric turbulence. 

190. (New) A method according to claim 187, wherein changing the amplitude comprises changing 
by a factor determined responsive to an average power level of the received beam. 

191. (New) A method according to claim 187, comprising determining the momentary power of the 
received beam and wherein changing the amplitude of the received beam comprises changing the 
amplitude by a factor determined responsive to the determined momentary power of the received 
beam. 

192. (New) A method according to claim 191, wherein determining the power of the received beam 
comprises passing a portion of the received beam to a light detector. 

193. (New) A method according to claim 192, wherein passing the portion of the received beam to 
the light detector comprises passing a portion of the received beam after its amplitude is variably 
changed. 

194. (New) A method according to claim 187, wherein changing the amplitude comprises 
providing, at an output of the optical apparatus, a light beam with a substantially constant power. 

195. (New) A method according to claim 187, wherein a rate of variation of the amplification or 
attenuation of the optical apparatus which performs the amplitude change is at least 1 kHz. 

196. (New) A method according to claim 187, wherein a rate of variation of the amplification or 
attenuation of the optical apparatus which performs the change is at least 50 Hz. 

197. (New) A method according to claim 187, wherein changing the amplitude comprises 
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amplifying or attenuating by an optical amplifier. 

198. (New) A method according to claim 195, wherein changing the amplitude comprises' 
attenuating by an optical attenuater. 

199. (New) A method according to claim 187, comprising additionally passing the received beam 
through an additional optical apparatus which changes the amplitude of the received beam. 

200. (New) A method according to claim 199, wherein the additional optical apparatus changes the 
amplitude of the received beam by a constant gain. 

201. (New) A method according to claim 187, wherein transmitting the light beam through the 
atmosphere comprises transmitting outdoors. 

202. (New) A method according to claim 187, wherein transmitting the light beam through the 
atmosphere comprises transmitting over a distance of at least 100 meters. 

203. (New) A method according to claim 202, wherein transmitting the light beam through the 
atmosphere comprises transmitting over a distance of at least 1000 meters. 

204. (New) A method according to claim 187, wherein changing the amplitude by optical apparatus 
comprises changing by optical apparatus having a variable amplification or attenuation with a 
dynamic range of at least about 30dB. 

205. (New) A method according to claim 187, wherein the data-carrying light beam carries data in a 
plurality of distinct wavelengths. 

206. (New) A method according to claim 187, wherein directing a received beam into at least one 
fiber comprises directing the received beam into a single mode fiber. 

207. (New) A method according to claim 187, wherein the optical apparatus has a high 
amplification or attenuation variation rate, suitable for automatic gain control (AGC) of the beam 
received from the atmosphere. 
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208. (New) A method according to claim 207, wherein the amplification or attenuation of the 
optical apparatus has a variation rate higher than 1 kHz. 

209. (New) A method according to claim 187, wherein the optical apparatus is effectively operative 
over a bandwidth of at least 40 nm. 

210. (New) A method of processing a data-carrying light beam, comprising: 

receiving a light beam from the atmosphere; and 

passing the beam through an optical amplitude modifier having a variable amplification or 
attenuation with a dynamic range of at least about 30dB. 

211. (New) A method according to claim 210, wherein passing the beam through an optical 
amplitude modifier comprises variably changing the amplitude of the beam by the amplitude 
modifier. 

212. (New) A method according to claim 210, wherein the data-carrying light beam carries data in a 
plurality of distinct wavelengths. 

213. (New) A method according to claim 212, wherein the optical amplitude modifier provides for 
each distinct wavelength a beam with a substantially constant average amplitude. 

214. (New) A method according to claim 210, wherein the optical amplitude modifier comprises an 
optical attenuator. 

215. (New) A method according to claim 210, wherein passing the beam through an optical 
amplitude modifier comprises providing, at an output of the optical amplitude modifier, a light 
beam with a substantially constant power. 

216. (New) A method according to claim 210, wherein the optical amplitude modifier is effectively 
operative over a bandwidth of at least 40 nm. 

217. (New) A method of transmitting a data-carrying light beam, comprising: 
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transmitting the data-carrying light beam through the atmosphere; 

directing a received beam including at least a portion of the transmitted beam into at least 
one fiber; and 

changing the amplitude of the received light beam directed into the at least one fiber, by a 
variable amplification or attenuation, using optical apparatus having a high amplification or 
attenuation variation rate, suitable for automatic gain control (AGC) of the beam received from the 
atmosphere. 

218. (New) A method according to claim 217, wherein the amplification or attenuation of the 
optical apparatus has a variation rate higher than 1 kHz. 

219. (New) A method according to claim 217, wherein the data-carrying light beam carries data in a 
plurality of distinct wavelengths. 

220. (New) A method according to claim 217, wherein the optical apparatus has a variable 
amplification or attenuation with a dynamic range of at least about 30dB. 

221. (New) A method according to claim 217, wherein changing the amplitude of the beam 
comprises providing, by the optical apparatus, a light beam with a substantially constant power. 

222. (New) A method according to claim 217, wherein changing the amplitude of the beam 
comprises attenuating the amplitude of the beam. 

223. (New) A method according to claim 217, wherein the optical apparatus is effectively operative 
over a bandwidth of at least 40 nm. 

224. (New) An optical wireless transceiver, comprising: 

an optical receiver adapted to receive a data-carrying light beam from the atmosphere; and 
an optical amplitude modifier adapted to change the amplitude of the received light beam, 

by a variable amplification or attenuation, so as to substantially eliminate effects of atmospheric 

turbulence from the received beam. 

225. (New) A transceiver according to claim 224, wherein the optical amplitude modifier is adapted 
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to process light beams including multi wavelength light beams. 

226. (New) A transceiver according to claim 225, wherein the optical amplitude modifier has a high 
amplification or attenuation variation rate. 

227. (New) A transceiver according to claim 226, wherein the optical amplitude modifier provides 
a light beam in which at least one of the wavelengths has a substantially constant power. 

228. (New) A transceiver according to claim 227, wherein the optical amplitude modifier provides 
a light beam in which each of the wavelengths has a substantially constant power. 

229. (New) A transceiver according to claim 224, wherein the optical amplitude modifier comprises 
an optical attenuator. 

230. (New) A transceiver according to claim 224, wherein the optical amplitude modifier has an 
effective bandwidth of at least 40 nm. 

23 1 . (New) A transceiver according to claim 224, comprising an optical transmitter adapted to re- 
transmit light beams processed by the optical amplitude modifier. 

232. (New) A transceiver according to claim 231, wherein the optical transmitter is adapted to 
transmit the processed light beams to the atmosphere. 

233. (New) A method of transferring a data-carrying light beam, comprising: 

transmitting a data-carrying light beam including one or more wavelengths through the 
atmosphere; 

directing a received beam including at least a portion of the transmitted beam into at least 
one fiber; and 

passing the beam directed into the at least one fiber through an optical amplitude modifier 
adapted to change the amplitude of the beam by a variable amplification or attenuation, so as to 
provide a light beam in which each of the one or more wavelengths has a substantially constant 
power. 
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234. (New) A method according to claim 233, wherein the optical amplification modifier is 
effectively operative over a bandwidth of at least 40 nm, 

235. (New) A method according to claim 234, wherein the optical amplification modifier has a high 
amplification or attenuation variation rate. 

236. (New) A method according to claim 233, wherein the optical amplification modifier has an 
amplification or attenuation with a variation rate of at least 1 kHz. 

237. (New) A method according to claim 233, wherein the received beam comprises a plurality of 
data carrying wavelengths. 

238. (New) A method according to claim 233, wherein passing the beam through an optical 
amplitude modifier comprises passing the beam though a saturated optical amplifier. 

239. (New) A method according to claim 238, wherein passing the beam through a saturated optical 
amplifier comprises passing the received beam through an erbium doped fiber amplifier (EDFA). 

240. (New) An optical wireless transceiver, comprising: 

at least one fiber adapted to receive a data-carrying light beam from the atmosphere; 

an optical amplitude modifier adapted to change the amplitude of the received light beam, 
by a variable amplification or attenuation, wherein at least some of the amplitude changes comprise 
attenuations. 

241. (New) A transceiver according to claim 240, wherein the optical amplitude modifier is adapted 
to process light beams carrying data in a plurality of distinct wavelengths. 

242. (New) A transceiver according to claim 241, wherein the optical amplitude modifier provides 
a light beam in which at least one of the wavelengths has a substantially constant power. 

243. (New) A transceiver according to claim 242, wherein the optical amplitude modifier provides 
a light beam in which each of the wavelengths has a substantially constant power. 
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244. (New) A transceiver according to claim 240, wherein the optical amplitude modifier comprises 
an optical attenuator. 

245. (New) A transceiver according to claim 240, wherein the optical amplitude modifier has an 
effective bandwidth of at least 40 nm. 

246. (New) A transceiver according to claim 240, wherein the optical amplitude modifier has a high 
amplification or attenuation variation rate. 



The present application is a U.S. national application of PCT Application No. 
PCT/IL00/00104 filed March 10, 2000. The present amendment has been made in order to reduce 
the number of claims and emphasize the invention currently being claimed. 

The Examiner should note that applicants have not yet received the International 
Preliminary Examination Report. Upon receipt of this report, applicants may file new claims for 
this application. 

An examination on the merits is respectfully requested. 



August 27, 2001 
William H. Dippert, Esq. 
Cowan, Liebowitz and Latman, P.C. 
1133 Avenue of the Americas 
New York, NY 10036-6799 

Tel: (212)790-9200 



REMARKS 



Respectfully submitted, 
Ilan D. HABER et al. 




Yaakov Schatz 
Reg. No. 44,320 
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ATMOSPHERIC OPTICAL COMMUNICATION 

RELATED APPLICATIONS 

This application claims the benefit under 119(e) of US provisional applications 
60/123,572, filed March 10, 1999, and 60/127,331, filed April 2, 1999, the disclosures of 
which are incorporated herein by reference. 

FIELD OF THE INVENTION 

The present invention relates to optical communication networks and particularly to 
atmospheric optical communication networks. 

BACKGROUND OF THE INVENTION 

Optical fibers are commonly used in communication networks to transfer light which 
carries data at high rates. Optical fibers are generally divided into two classes, namely multi- 
mode fibers and single-mode fibers. Multi-mode fibers have a relatively large core diameter of 
between 50-100 microns and are therefore relatively cheap. Multi-mode fibers, however, allow 
light signals passing through them (referred to as belonging to a multi-mode light beam) to 
propagate in a plurality of paths. The multi-mode propagation also involves dispersion such 
that multi-mode light beams can cany high-bandwidth information only for short distances of, 
for example, up to a few hundred meters. This distance shortens as the data rate increases. 
Single-mode fibers, on the other hand, have a core diameter of about 10 microns and allow 
light propagating through them (referred to as belonging to a single-mode light beam) to travel 
only along a single path. Therefore, single-mode fibers may be used for transmission of high 
bandwidth light beams, typically OC-3 to OC-192 (155Mhz - 10GHz), over long distances of 
hundreds of kilometers (long haul). 

When a light beam is passed from a multi-mode fiber to a single-mode fiber, most of 
the power of the beam is lost as only a single mode of light passes through the single-mode 
fiber. In order to pass information from a multi-mode light beam to a single-mode light beam 
without substantial losses, the multi-mode light beam must be converted to electrical signals 
and then be regenerated into a single-mode beam. 

Optical fibers may transfer a combined (multiple wavelengths) fight beam which is 
formed of a plurality of monochrome light beams. Each of the component light beams usually 
carries separate data unrelated to the data on the light beams of the other wavelengths. In order 
to pass a combined light beam through an electrical regenerator, the combined beam is 
separated into the component, single wavelength beams, for example using suitable optical 
filters. Each component light beam is then separately regenerated by a respective regenerator 
and the regenerated beams are recombined. 
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U.S. patent 4,960,315 to Kostal et aL, the disclosure of which is incorporated herein by 

reference, describes a system for bridging a break in an optical fiber network, by transmitting a 

beam of light through the atmosphere. The system comprises two transceivers which are 

placed at opposite ends of the break. Before transmission, the light from the beam is 

5 regenerated. The light is then emitted from an optical fiber, and is expanded and collimated 
using a proper lens. The receiver receives the light and using suitable optics passes the light 
into a multi-mode fiber. The light from the multi-mode fiber is then passed to an electrical 
regenerator which regenerates the light into a single-mode optical fiber. 

A document titled "4x2.5 Gb/s 4.4 km WDM free-Space Optical Link at 1550 run" to 

10 G. Nykolak et al., from Lucent Technologies, Post Deadline Proceedings of the Optical Fiber 
Conference (OFC 99), San Diego, February 1999, describes an experiment in which a plurality 
of light beams from optical fibers were transmitted through the atmosphere. Four light beams 
with different wavelengths, from four different light sources, were optically amplified and 
combined into a single light beam. The combined beam was transmitted through the 

15 atmosphere from three parallel optical antennas in order to reduce turbulence effects caused by 
the atmosphere. The light from the three parallel antennas was collected into a multi-mode 
optical fiber by a single receiving optical terminal. The received beam was passed to a multi- 
mode wavelength division multiplexing (WDM) demultiplexer which separates the received 
beam into a plurality of beams of separate wavelengths. Each of the beams was then passed to 

20 a respective electrical regenerator. 

There exist other systems for transmitting light beams from optical fibers through the 
atmosphere, such as the systems of Astroterra Corporation, California and Jolt from Jerusalem 
Israel, which receive the transmitted signals directly into an electro-optical light detector 
without an intermediate optical fiber. 

25 U.S. patent 5,777,768 to Korevaar, the disclosure of which is incorporated herein by 

reference, describes a laser link communication system in the atmosphere. The system 
transmits a plurality of parallel non-coherent laser beams such that they overlap in the far field. 
The parallel laser beams are received by a detector that translates the received beams into 
electrical signals. In one embodiment of the 5,777,768 patent, a single collimator is used both 

30 to transmit light beams from a plurality of lasers to the atmosphere and to lead light beams 
from the atmosphere onto a detector. 

The existing systems for atmospheric transmission of light beams from optical fibers 
all require electrical processing (typically regeneration) of the received beam in order to 
provide a single mode-type signal. Such regeneration requires sophisticated and expensive 
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apparatus and is therefore usually suggested for use in special circumstances and not for 

widespread use. Furthermore, for multi-wavelength beams, use of electrical regenerators 

requires separation of received signals into single-wavelength components before the 

regeneration. Such separation makes the apparatus even more expensive. 

5 SUMMARY OF THE INVENTION 

An aspect of some preferred embodiments of the invention relates to replacing part of 

an optical fiber network, especially a single-mode fiber network, with a transmission system 

which transmits a data carrying light beam through the atmosphere. In a preferred embodiment 

of the invention, the original light beam from the fiber network is transmitted through the 

10 atmosphere without performing electrical regeneration before and/or after the atmospheric 

transmission. Optionally, the light beam may be optically amplified before and/or after the 

atmospheric transmission. It is noted that in the following description and claims a regenerated 

s - n beam is considered a different beam than the beam from which it is regenerated. 

■ An aspect of some preferred embodiments of the invention relates to directing a data 

UJ15 carrying light beam from the atmosphere directly into a single-mode optical fiber, without 

intervening non-optical apparatus. Preferably, the light beam from the atmosphere is directed 

'i into the fiber using a collimator, without multi-mode fibers and without using detectors. The 

resulting single-mode signal is then preferably used in a single-mode network. 

. 4 An aspect of some preferred embodiments of the invention relates to an all-optical 

;\20 network for transmitting data-carrying light beams through the atmosphere. An all-optical 

y network does not use non-optical apparatus for transporting the data. Specifically, all-optical 

networks do not perform optical to electrical conversions for transporting the data. It is noted 

that all-optical networks may form sub-networks of an larger network which is not entirely 

optical. The advantages of being all-optical are gained in such networks, in those parts which 

25 are all-optical. 

The apparatus of an all-optical network is simpler than apparatus of networks which 
include conversion of optical beams into other data transmission forms. All-optical networks 
are independent of characteristics (e.g., modulation modes, wavelengths and data rates) of light 
beams transmitted therethrough, and do not need to be changed when such characteristics 
30 change. In addition, multi-wavelength light beams, e.g. WDM beams, are more easily handled 
by all-optical networks as there is no need to separate the different beams before each 
conversion and there is no need to regenerate each beam separately. 

Optionally, an optical booster amplifies a light beam received by a transmitter before 
the light beam is transmitted through the atmosphere. Alternatively or additionally, an optical 

3 
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pre-amplifier amplifies the light beam received from the atmosphere before the light beam is 

passed to an output optical fiber. It is noted that for short distances an optical amplifier is not 
generally required. 

An aspect of some preferred embodiments of the invention relates to removing 

5 fluctuations of beam intensity, introduced by the atmosphere, using an optical automatic gain 
control (AGC) unit. The AGC is required so that the light beam meets the standards of data- 
carrying light beams, and will allow extraction of the data using commercial data equipment, 
e,g., add drop multiplexers (ADM), line terminal equipment (LTEs), and cross-connects (CC). 
In a preferred embodiment of the present invention, the optical AGC is implemented 

10 using an optical amplitude modifier, i.e., an optical amplifier and/or an optical attenuator, with 
a variable amplification and/or attenuation. The level of amplification/attenuation is preferably 
adjusted responsive to the readings of a detector which measures the amplitude of the data 
light beam. Alternatively or additionally to measuring the amplitude of the data light beam, a 
reference signal is coupled with the data light beam at the transmitter and the detector 

15 measures the amplitude of the reference signal. The level of amplification/attenuation is 
preferably set such that the amplitude of the beam output from the amplifier/attenuator is 
substantially constant. 

Alternatively or additionally, an amplifier which does not distort light beams even 
when the amplifier is saturated, for example an erbium doped fiber amplifier (EDFA), is used 

20 for AGC. Preferably, a reference beam is combined to the light beam at the transmitter. The 
reference beam is preferably amplified or regenerated in the receiver to a level which saturates 
the EDFA, such that at the output of the EDFA the amplitude of the regenerated reference 
beam is constant. Preferably, the reference beam is separated from the data beam in the 
receiver, regenerated and then recombined with the data beam. As the reference beam suffers 

25 from the same fluctuations as the light beam carrying the data, the correction of the reference 
beam corrects also the data-carrying beam. 

In some preferred embodiments of the invention, a single reference beam is used for 
both pan-and-tilt control and for AGC. 

An aspect of some preferred embodiments of the invention relates to using a single 

30 collimator for transmitting a light beam from an optical fiber to the atmosphere and for 
receiving a light beam from the atmosphere into an optical fiber. Preferably, the receiving and 
transmitting are performed concurrently by the collimator. Preferably, the collimator receives 
the beam into the same fiber from which it transmits the light beam. In some preferred 
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embodiments of the present invention, the transmitted light beam and the received light beam 

have different wavelengths. 

An aspect of some preferred embodiments of the invention relates to using a single bi- 
directional optical amplifier to amplify a bi-directional light beam, i.e., two light beams in the 
5 same space propagating in opposite directions. Preferably, the bi-directional amplifier is used 
for short (e.g., 10-100 meters) and medium (e.g., 100-400 meters) range transmission, while 
for long range transmission (e.g., about 1 km) the bi-directional light beam is preferably 
separated into the unidirectional beams, and separate amplifiers are used for the separate 
direction beams. It is noted that the transmission distances are a function of atmospheric 
10 conditions and vary with the weather and data rates. 

An aspect of some preferred embodiments of the invention relates to directing a data- 
carrying light beam from the atmosphere into an optical fiber using a small and simple 
. : collimator. The position and/or orientation of small collimators is easily adjusted using simple 
: :: mechanics, allowing faster and cheaper adjustment over larger ranges. In addition, a small 
Ui5 collimator requires very little space and places less constraints on its location. For example, 
. 4 7- the collimator may be placed within buildings, in small corners and/or may be included in 
: other apparatus substantially without being obtrusive. 

Preferably, the collimator has an effective lens diameter of less than 10 centimeters. It 
. \ is noted that in the prior art such small collimators are used only for very short transmission 
' !20 distances generally in laboratory setups and in integrated fiber optic components. 
V J In a preferred embodiment of the invention, a transceiver is formed of a movable 

transceiving unit and a stationary processing unit. The movable transceiving unit is preferably 
light weight, such that its position and/or orientation are easily adjusted, preferably using a 
small pan and tilt mechanism, to be aligned with other transceivers. In a preferred embodiment 
25 of the invention, the transceiver may be used to alternately contact a plurality of other 
transceivers simply by changing the position and/or orientation of the transceiving unit, for 
example using the pan and tilt mechanism or manually. Thus, a network formed of a plurality 
of transceivers may be easily set up in different configurations responsive to momentary 
bandwidth needs and/or weather conditions. 
30 An aspect of some preferred embodiments of the invention relates to using a plurality 

of receivers to receive light signals carrying identical data. Thus, in case the signals received 
by one of the receivers are not intelligible or the path of the signals to the receiver was entirely 
blocked (e.g., by birds), the data will still be received by one of the other receivers. 
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In a preferred embodiment of the present invention, the light signals received by the 

plurality of receivers are transmitted from a single transmitter. The receivers are preferably 
placed very close to each other in order to receive a larger part of the light beam which 
diverges in the atmosphere. By using a plurality of receivers with small collimators rather than 
5 a single large receiver, a less costly device and/or smaller pan and tilt mechanisms can be used. 
Alternatively, the light signals received by the plurality of receivers are transmitted in a 
plurality of coherent and/or non-coherent light beams. 

In a preferred embodiment of the invention, each receiver receives a part of the beam 
having a different polarization component. Preferably, the beams received by the different 
10 receivers have orthogonal polarizations. The received beams are preferably recombined into a 
single fiber using a polarization coupler. 

Preferably, the signal intensity at each receiver is measured and a signal with sufficient 
or maximum power is selected. Preferably, an optical or electrical switch selects the light 
3 signals from one of the receivers. Alternatively or additionally, the light signals received by 
: : \15 each receiver are optically combined to receive a relatively strong signal. Preferably, the 
;1 number of receivers in this alternative is large (i.e., more than six) in order to reduce 
interference effects caused by combining the received light beams. 

An aspect of some preferred embodiments of the invention relates to transmitting a 
plurality of parallel coherent light beams carrying the same data. Preferably, mirrors, prisms 
= 20 and/or polarization splitters are used to split a beam from a single collimator into a plurality of 
; ; J beams. In a preferred embodiment of the present invention, the light beam is divided for 
transmission into a plurality of beams with different polarizations. It is noted that producing a 
plurality of coherent parallel beams is generally simpler and cheaper than producing non- 
coherent parallel beams. 

25 In a preferred embodiment of the invention, when the atmosphere causes relatively 

little interference, the plurality of receivers are used with a plurality of transmitters which 
transmit different data, achieving a relatively high bandwidth transmission. When the 
atmosphere causes large interference, the receivers are used together with a single transmitter, 
achieving a relatively low bandwidth transmission. 

30 An aspect of some preferred embodiments of the invention relates to an optical 

communication network which includes a plurality of segments in which light beams are 
transmitted through the atmosphere. Such a network is particularly useful in metropolitan areas 
in which laying fiber optics or other cables is very expensive. In a preferred embodiment of the 
present invention, the network allows forming different configurations of transmission paths 
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by adjusting the positions and/or orientations of the transceivers used in transmitting light 

beams through the atmosphere. In a preferred embodiment of the invention, the 

communication network is used in addition to a wired system to provide additional bandwidth 

in areas and/or at times of high bandwidth demand. 

An aspect of some preferred embodiments of the invention relates to an atmospheric 

optical link which processes light beams of different characteristics using different apparatus. 

In a preferred embodiment of the present invention, beams which can be passed through the 

atmosphere without regeneration are passed through a first path using all-optical apparatus, 

while other beams are passed through regenerators before and/or after being transmitted 

through the atmosphere. The regenerators may be used for light beams of wavelengths which 

are not suitable for transmission through the atmosphere and/or for light beams with low data 

rates. 

In a preferred embodiment of the present invention, a complex beam (e.g., a multi- 
wavelength beam) is split into primary beams (e.g., a single-wavelength beam), each of which 
is directed through suitable apparatus for transmission through the atmosphere, concurrently. 
Preferably, the primary beams which are processed using separate apparatus are transmitted 
through the atmosphere as a single complex beam. Preferably, the optical link can handle 
primary beams which are processed by one path while the other paths are idle, and complex 
beams which use some or all of the paths concurrently. 

An aspect of some preferred embodiments of the invention relates to a network 
manager which controls the configuration of an optical network. Preferably, the manager 
receives information on the bandwidth needs of the network end users and on the current 
capabilities of the network and accordingly generates commands to the transceivers of the 
network. The capabilities of the network include, for example, the weather conditions, the 
operability of the transceivers and/or information on whether a free line of sight exists between 
two points. In a preferred embodiment of the present invention, the network includes one or 
more sensors which provide information on the capabilities of the network, such as video 
cameras and weather indicators. Preferably, telephone wires and/or wireless communication 
are used to transfer the information to the manager and send commands from the manager to 
the transceivers. 

There is therefore provided in accordance with a preferred embodiment of the present 
invention, a method of transferring a data-carrying light beam, including transmitting the light 
beam, from a first location, through the atmosphere, outdoors, and directing at least a portion 
of the transmitted beam into a single-mode fiber, at a second location. 
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There is further provided in accordance with a preferred embodiment of the present 

invention, a method of transferring a data-carrying light beam, comprising transmitting the 
light beam through the atmosphere over a distance of at least 30 meters; and directing at least a 
portion of the transmitted beam into a single-mode fiber. 
5 Preferably, directing the portion of the beam into the fiber includes directing using a 

collimator having an effective lens diameter smaller than 10, 3 or 1.5 centimeters. Preferably, 
the single-mode fiber has a core diameter smaller than 30 micrometers or about 10 
micrometers. Preferably, the portion of the beam is passed directly into the fiber without 
passing through a multi-mode fiber. Preferably, transmitting the beam includes transmitting 

10 from a single-mode fiber. Preferably, transmitting the beam includes transmitting from a fiber 
which concurrently receives a beam from the atmosphere. 

Preferably, the method includes concurrently amplifying the transmitted and received 
beam by a single optical amplifier. Preferably, directing the portion of the beam into the fiber 
includes directing a plurality of portions of the beam into a plurality of respective fibers. 

1 5 Preferably, the method includes selecting one of the plurality of fibers, and passing the 

portion of the beam from the selected fiber to an output fiber. Preferably, selecting the one of 
the plurality of fibers includes selecting a fiber carrying a beam with a strongest power among 
the plurality of fibers. Preferably, the method includes combining the beams from at least 
some of the plurality of fibers and passing the combined beam to an output fiber. 

20 Preferably, the method includes independently adjusting the orientations of the 

» plurality of portions of the beam directed into the plurality of fibers. Preferably, the method 
includes passing the light beam directed into the fiber through an optical amplifier. Preferably, 
passing the light beam through the optical amplifier includes amplifying the light beam by a 
dynamically adjusted amplification factor. Preferably, amplifying the light beam by a 

25 dynamically adjusted amplification factor includes amplifying by a factor determined 
responsive to power fluctuations of the beam caused by turbulation in the atmosphere. 
Preferably, the method includes amplifying the transmitted light beam using an optical 
amplifier. 

There is further provided in accordance with a preferred embodiment of the present 
30 invention, a method of transferring a data-carrying light beam, comprising transmitting the 
light beam through the atmosphere; and directing a portion of the transmitted beam into a 
fiber, using a collimator which weighs less than one kilogram. 

Preferably, directing the portion of the beam includes directing using a collimator 
which weighs less than 250 grams. Preferably, directing the portion of the beam into the fiber 
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includes directing from a transmission location using apparatus which has a total weight less 

than five kilograms. Preferably, the collimator has an effective lens diameter smaller than 3 

centimeters. Preferably, directing the portion of the beam includes directing from a 

transmission location using apparatus contained in a total volume of less than 6 litres. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a method of correcting a data-carrying light beam, comprising receiving a data- 
carrying light beam with power fluctuations; and performing base line correction of the light 
beam, using only optical apparatus. Preferably, performing base line correction includes 
variably changing the amplitude of the received beam and wherein at least some of the 
amplitude changes have a variation rate higher than 1 kHz. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a method of transferring a data-carrying light beam, comprising transmitting the 
data-carrying light beam through the atmosphere, directing a received beam including at least a 
portion of the transmitted beam into a fiber, and variably changing the amplitude of the 
received beam, using optical apparatus. 

Preferably, variably changing the amplitude includes changing by a factor determined 
responsive to an extent to which the received beam was affected by turbulation in the 
atmosphere. Preferably, variably changing the amplitude includes changing by a factor 
determined responsive to an average power level of the received beam. 

Preferably, the method includes determining the momentary power of the received 
beam and wherein variably changing the amplitude of the received, beam includes amplifying 
or reducing the amplitude by a factor determined responsive to the determined momentary 
power of the received beam. Preferably, determining the power of the received beam includes 
passing a portion of the received beam to a light detector. 

Preferably, passing the portion of the received beam to the light detector includes 
passing a portion of the received beam after its amplitude is variably changed. Preferably, at 
least some of the amplitude changes have a variation rate higher than 1 kHz. Alternatively or 
additionally, a rate of change of the amplification level of the optical apparatus which 
performs the variable change is at least 1 kHz or at least 50 Hz. Preferably, variably changing 
the amplitude includes variably amplifying or attenuating by an optical amplifier. 
Alternatively or additionally, variably changing the amplitude includes variably attenuating by 
an optical attenuator. Preferably, the method includes additionally passing the received beam 
through an additional optical apparatus which changes the amplitude of the received beam. 
Preferably, variably changing the amplitude includes passing the received beam through a 
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saturated optical amplifier Preferably, passing the received beam through a saturated optical 

amplifier includes passing the received beam through an erbium doped fiber amplifier 
(EDFA). Preferably, transmitting the data-carrying light beam includes combining a reference 
beam to the data-carrying light beam and transmitting the combined beam. 

Preferably, variably changing the amplitude includes changing by a factor determined 
responsive to an extent to which the reference beam was affected by turbulation in the 
atmosphere. Preferably, the reference beam and the data-carrying beam have substantially 
different electrical frequencies. Alternatively or additionally, the reference beam and the data- 
carrying beam have substantially different optical wavelengths. Preferably, the reference beam 
is used for adjusting the orientation of apparatus directing the received beam into the fiber. 

Preferably, the method includes extracting at least a portion of the reference beam from 
the received beam and amplifying the extracted portion of the reference beam with a fixed 
amplification level, combining the amplified reference beam to the received beam, and passing 
the combined beam through a saturated optical amplifier. Preferably, amplifying with a fixed 
amplification level includes amplifying the reference beam such that the reference beam will 
saturate the optical amplifier. Preferably, amplifying the extracted beam includes regenerating 
the reference beam. Preferably, regenerating the reference beam includes regenerating the 
reference beam at a wavelength different from the wavelength of the received reference beam. 
Further preferably, regenerating the reference beam includes regenerating the reference beam 
at a wavelength different from any of the wavelengths of the data-carrying beam. Preferably, 
the reference beam and the data-carrying beam have substantially different optical wavelengths 
and wherein extracting the at least portion of the reference beam includes passing at least a 
portion of the received beam through a filter. 

Preferably, the method includes variably changing the amplitude of an additional beam 
propagating in an opposite direction from the received beam, concurrently with variably 
changing the amplitude of the received beam. Preferably, variably changing the amplitude of 
the additional beam propagating is performed using the same apparatus as the changing of the 
amplitude of the received beam. Preferably, transmitting the light beam through the 
atmosphere includes transmitting outdoors. Preferably, transmitting the light beam through the 
atmosphere includes transmitting over a distance of at least 100 meters or at least 1000 meters. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a method of correcting a data-carrying light beam, comprising determining a 
momentary power level of the beam; and variably changing the amplitude of the beam, using 
optical apparatus. Preferably, the data-carrying light beam carries data in a plurality of distinct 
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wavelengths. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a transceiver for receiving data-carrying light beams from the atmosphere, 
comprising a fiber, and a collimator with a divergence level lower than 0.3 mRad, which 
directs a light beam from the atmosphere into the fiber. Preferably, the fiber includes a single 
mode fiber. Preferably, the fiber includes a segment of a multi-mode fiber shorter than 1 meter, 
which is connected to a single mode fiber. Preferably, the transceiver includes a scrambler 
which is applied to the multi-mode fiber segment. Preferably, the collimator has a divergence 
level lower than 0.2 mRad. 

Preferably, the transceiver includes a retro-reflector which reflects light beams received 
over a wide angle range. Preferably, the transceiver includes an automatic shutter which covers 
the retro-reflector during data transmission. Preferably, the retro-reflector changes at least one 
characteristic of beams which it reflects. Preferably, the retro-reflector includes a chopper. 
Preferably, the retro-reflector absorbs one or more light wavelengths. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a transceiver for transmitting and receiving data-carrying light beams through the 
atmosphere, comprising a first fiber which receives a first beam for transmission through the 
atmosphere, a second fiber which passes a second beam received from the atmosphere; and a 
collimator which transmits the beam received by the first fiber to the atmosphere, and receives 
from the atmosphere the beam provided to the second fiber. 

Preferably, the transceiver includes a circulator which connects the collimator to the 
first and second fibers. Alternatively or additionally, the transceiver includes a fiber splitter 
which connects the collimator to the first and second fibers. 

Preferably, the collimator transmits the beam from the first fiber and receives the beam 
for the second fiber, concurrently. Preferably, the transceiver includes an optical amplitude 
modifier which concurrently changes the amplitude of the first and second beams. 

Preferably, the optical amplitude modifier variably changes the amplification level of 
the beams passing through it. Preferably, the transceiver includes a controller which changes 
the amplification factor of the modifier responsive to the instantaneous power of the beam 
received from the atmosphere. Preferably, the transceiver includes a controller which changes 
the amplification factor of the modifier responsive to commands received from a remote 
location. Preferably, the optical amplitude modifier has a substantially constant amplification 
factor. Preferably, the optical amplitude modifier includes an optical amplifier. Alternatively 
or additionally, the optical amplifier operates in saturation. Further alternatively or 
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additionally, the optical amplitude modifier includes an attenuator. 

Preferably, the transceiver includes at least one additional optical amplitude modifier 
which changes the amplitude of only one of the first and second beams. Preferably, the at least 
one additional optical amplitude modifier includes at least one optical amplitude modifier for 
each of the first and second beams. Preferably, the at least one optical amplitude modifier of 
the first beam includes a low-noise optical amplifier. Preferably, the at least one optical 
amplitude modifier of the second beam includes an optical amplifier with a high amplification 
change rate. Preferably, the transceiver includes at least one isolator between the optical 
amplitude modifier of the first beam and the optical amplitude modifier of the first and second 
beams. Preferably, the transceiver includes the optical amplitude modifier which changes the 
amplitude of the first and second beams includes a low noise optical amplifier. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a method of transmitting a data-carrying light beam, comprising transmitting the 
data-carrying light beam through the atmosphere, directing the beam from the atmosphere into 
a fiber, and transferring the beam within the fiber over a distance of at least 100 meters before 
regenerating the beam. Preferably, transferring the beam within the fiber includes transferring 
over a distance of at least 1000 meters. Preferably, the beam includes a multiple wavelength 
beam. Preferably, transmitting the data-carrying light beam through the atmosphere includes 
transmitting over a distance of at least 30 meters. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a method of receiving a data-carrying light beam from the atmosphere, comprising 
directing data-carrying light carrying a single data stream from the atmosphere into a plurality 
of fibers, determining a characteristic of at least one of the beams in the plurality of fibers; and 
selecting at least one of the beams in the plurality of fibers responsive to the determined 
characteristic. 

Preferably, directing the data-carrying light into the plurality of fibers includes 
directing light transmitted as a plurality of separate beams. Preferably, directing the data- 
carrying light into the plurality of fibers includes directing light transmitted from a plurality of 
separate collimators. Preferably, directing the data-carrying light into the plurality of fibers 
includes directing light transmitted as a plurality of spatially non-overlapping beams. 

Preferably, directing the data-carrying light into the plurality of fibers includes 
directing light split at a transmitting end by free-space optical apparatus into the plurality of 
separate beams. Preferably, directing the data-carrying light into the plurality of fibers includes 
directing light transmitted as a single beam. Preferably, determining the characteristic includes 
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determining the beam power of the at least one of the beams. Preferably, selecting at least one 

of the beams includes selecting a beam with at least a predetermined power. Preferably, 
selecting at least one of the beams includes selecting a beam with a highest power. Preferably, 
selecting at least one of the beams includes selecting a plurality of the beams and combining 
the selected beams. Preferably, selecting the plurality of the beams includes selecting less than 
all the beams directed into the fibers. Preferably, determining the characteristic includes 
determining for substantially all the plurality of fibers. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a receiver of data-carrying light beams from the atmosphere, comprising an output 
fiber, a plurality of light paths, which affect at least one characteristic of the beams passing 
through them differently; and at least one beam diverter which selectively directs at least one 
light beam received from the atmosphere through at least one of the plurality of light paths, to 
the output fiber. Preferably, the at least one beam diverter includes at least one optical 
combiner. Preferably, the at least one beam diverter includes at least one wavelength selective 
coupler. Preferably, the at least one beam diverter passes a light beam to the output fiber 
through a single light path. 

Alternatively or additionally, the at least one beam diverter includes at least one optical 
switch. Preferably, the receiver includes a controller which sets the state of the at least one 
switch. Preferably, the controller sets the state of the at least one switch responsive to 
instructions received on a control connection and/or responsive to weather conditions. 

Preferably, the receiver includes at least one detector which determines a characteristic 
of at least one light beam in at least one of the plurality of paths and wherein the controller sets 
the state of the switch responsive to the determined characteristic. Preferably, the determined 
characteristic includes a beam power and/or a beam wavelength. Preferably, at least some of 
the plurality of light paths utilize a common collimator and/or a common optical amplifier. 

Preferably, the plurality of light paths comprise a plurality of collimators which have 
different effective lens diameters. Preferably, at least one of the plurality of light paths 
includes an out of focus collimator. Preferably, at least one of the plurality of light paths 
transmits a beam to the atmosphere. Preferably, the at least one light path which transmits a 
beam to the atmosphere includes a predetermined path selected irrespective of the state of the 
at least one beam diverter. Alternatively or additionally, the at least one light path which 
transmits a beam to the atmosphere includes at least one path currently coupled by the beam 
diverter to the output fiber. Preferably, the plurality of paths comprise a plurality of 
collimators and the receiver includes a controller which applies common adjustments to the 
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gaze directions of the collimators. Preferably, the plurality of collimators are mounted on a 

common base which adjusts the gaze directions of the collimators. Alternatively or 

additionally, the plurality of paths comprise a plurality of collimators which are mounted on 

respective separate bases which adjust the gaze direction of the collimators irrespective of each 

other. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a transmitter of data-carrying light beams to the atmosphere, comprising a plurality 
of transmission light paths, which affect at least one characteristic of the beams passing 
through them differently, for transmitting light beams to the atmosphere; and at least one beam 
diverter which directs a received light beam through at least one of the plurality of light paths 
for transmission to the atmosphere. 

Preferably, the plurality of paths comprise at least one path including a receiver and a 
transmitter which regenerate a beam passing through them. Preferably, the plurality of paths 
comprise at least one all optical path. Preferably, the plurality of paths comprise a plurality of 
different processing units. Preferably, the plurality of paths comprise at least one path which 
includes only a collimator. Preferably, the plurality of paths comprise a plurality of different 
collimators. Preferably, the plurality of different collimators comprise a plurality of 
collimators with different effective lens diameters and/or different focus adjustments. 

Preferably, at least one of the plurality of paths includes an out of focus collimator. 

Preferably, at least some of the plurality of paths comprise a common processing unit 
or a common collimator. Preferably, the at least one beam diverter includes a fiber splitter. 

Preferably, the at least one beam diverter includes a wavelength selective coupler 
and/or at least one optical switch. Preferably, the at least one switch selects the at least one 
path responsive to weather conditions and/or responsive to one or more characteristics of the 
received light beam. Preferably, the one or more characteristics of the received light beam used 
in selecting the path comprise the wavelengths of the light beam and/or the data rate of the 
light beam. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a method of transmitting data through the atmosphere, comprising transmitting 
through the atmosphere a plurality of data-carrying light beams carrying substantially the same 
data content at the same time, receiving the plurality of light beams at a common location, 
using respective separate apparatus, and generating an output light beam from at least one of 
the received light beams. 

Preferably, transmitting the plurality of beams includes transmitting a plurality of non- 
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coherent beams. Alternatively or additionally, transmitting the plurality of beams includes 

transmitting a plurality of coherent beams. In a preferred embodiment of the invention, 

transmitting the plurality of beams includes transmitting a plurality of beams with different 

polarizations. Preferably, transmitting the plurality of beams includes transmitting a plurality 

of beams with orthogonal polarizations. Preferably, transmitting the plurality of beams 

includes transmitting at least six beams. Preferably, generating the output light beam includes 

selecting one of the received light beams. Alternatively or additionally, generating the output 

light beam includes combining at least some of the received light beams. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a network for transferring data-carrying light beams, comprising a plurality of 
transceivers which transmit and receive data beams to and from the atmosphere, and a network 
management processor which passes orientation instructions to at least some of the 
transceivers to orient in pairs in order to implement a network topology. 

Preferably, the management processor passes the orientation instructions to the at least 
some of the transceivers over telephone wires, using wireless communication and/or using 
light beam communication. Preferably, the implemented network topology is selected from a 
plurality of predetermined topologies. Preferably, the implemented network topology is chosen 
responsive to weather conditions and/or indications received from at least one of the 
transceivers. Preferably, the implemented network topology is chosen responsive to the power 
of data beams received by at least one of the transceivers and/or responsive to bandwidth 
needs. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a method of transmitting data through the atmosphere, comprising receiving a data- 
carrying light beam carrying signals at a first data frequency, generating a control beam 
carrying control signals at a second data frequency different from the first frequency, 
combining the control beam to the data-carrying light beam; and transmitting the combined 
beam through the atmosphere. 

Preferably, the wavelength of the control beam is different from the wavelength of the 
data-carrying light beam. Alternatively or additionally, the frequency of the control beam is 
lower than the frequency of the data-carrying light beam. Preferably, the frequency of the 
control beam is lower than 200 kHz. Preferably, the method includes receiving the combined 
beam by a receiver. Preferably, the method includes performing auto-tracking by the receiver 
using the control beam. Preferably, the method includes performing automatic gain control by 
the receiver using the control beam. Preferably, the method includes extracting control 
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Information directed to the receiver from the control beam. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a method of transmitting data through the atmosphere, comprising determining at 
least one attribute of the atmosphere; and transmitting a light beam with at least one 
characteristic selected responsive to the at least one attribute of the atmosphere. 

Preferably, the at least one attribute includes a level of turbulence caused by the 
atmosphere. Preferably, the at least one attribute includes a level of fog in the atmosphere. 

Preferably, determining the at least one attribute includes transmitting a light beam and 
determining an influence of the atmosphere on the light beam. Preferably, determining the at 
least one attribute includes receiving a weather forecast. Preferably, the at least one 
characteristic of the light beam includes a data rate of the data carried by the light beam and/or 
a wavelength of the light beam. Alternatively or additionally, the at least one characteristic of 
the light beam includes a number of distinct data-carrying wavelengths in the light beam 
and/or a divergence level of the light beam. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a transceiver for transferring light beams through the atmosphere, comprising a 
fiber, at least one collimator which transfers light between the fiber and the atmosphere; and an 
orientation adjustment unit which may change the direction of the light beam transferred by 
the collimator by at least 90 degrees. Preferably, the orientation adjustment unit includes a 
rotatable base on which the collimator is mounted. Alternatively or additionally, the 
orientation adjustment unit includes optical appartus which changes the propagation direction 
of the light beam. Preferably, the orientation adjustment unit includes a plurality of adjustment 
units. Preferably, the plurality of adjustment units comprise at least one orientation adjustment 
unit with a resolution smaller than 1 mRad. 

There is further provided in accordance with a preferred embodiment of the present 
invention, a method of orienting a pair of data-carrying light beam transceivers toward each 
other, comprising providing reflectors which reflect beams received over a wide range of 
angles, on both of the transceivers; transmitting scanning light beams from both the 
transceivers into the atmosphere; and determining at each of the transceivers an orientation at 
which a reflection from the provided reflector of the transmitted scanning beams is received. 

Preferably, providing the reflectors includes opening respective shutters of the 
transceivers which block the reflectors. Preferably, providing the reflectors includes providing 
retro-reflectors. Preferably, transmitting scanning light beams includes deflecting the scanning 
light beam over a two dimensional pattern. 
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Preferably, transmitting scanning light beams includes transmitting light beams with at 

least one different characteristic. Preferably, transmitting scanning light beams includes 

transmitting pulse light beams with different pulse rates. Preferably, determining the 

orientation includes receiving a reflection and verifying that the reflection was received from 

the provided reflector. Preferably, verifying that the reflection was received from the provided 

reflector includes switching off the scanning beam and checking whether the reflection is still 

received. Preferably, providing the reflectors includes providing reflectors which provide a 

reflected beam different from the beam which they reflect. Preferably, providing the reflectors 

includes providing reflectors which include a chopper. Preferably, the chopper is substantially 

always at least partially open. Preferably, providing the reflectors includes providing reflectors 

which absorb a specific polarization mode and transmitting the scanning beam includes 

transmitting a beam which includes the specific polarization mode. 

Preferably, providing the reflectors includes providing reflectors which absorb a 
specific wavelength and transmitting the scanning beam includes transmitting a beam which 
includes the specific wavelength. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will be more clearly understood by reference to the following 
description of preferred embodiments thereof in conjunction with the figures, in which: 

Fig. 1 is a schematic illustration of an atmospheric optical link, in accordance with a 
preferred embodiment of the invention; 

Fig. 2 is a schematic illustration of a mechano-optic unit (MOU) for transmission of 
light beams through the atmosphere, in accordance with a preferred embodiment of the present 
invention; 

Fig, 3 A is a schematic illustration of the major elements of a beam processing unit, in 
accordance with a preferred embodiment of the present invention; 

Fig. 3B is an exemplary schematic graph of the power of a light beam received from a 
typical turbulent atmosphere; 

Fig. 4 is a schematic illustration of a single-direction optical link useful in 
understanding the operation of an optical pre-amplifier, in accordance with a preferred 
embodiment of the present invention; 

Fig. 5 is a schematic illustration of a single-direction atmospheric optical link 
illustrating a method of optical AGC, in accordance with a preferred embodiment of the 
present invention; 
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Fig. 6 is a schematic block diagram of a fiber-electric unit, in accordance with a 

preferred embodiment of the present invention; 

Fig. 7A is a schematic block diagram of the major parts of a beam processing unit, in 
accordance with another preferred embodiment of the present invention; 

Fig. 7B is a schematic block diagram of the major parts of a beam processing unit, in 
accordance with still another preferred embodiment of the present invention; 

Fig. 8 is a schematic block diagram of a single-direction atmospheric optical link, in 
accordance with a preferred embodiment of the present invention; 

Fig. 9 is a schematic block diagram of a receiver of an atmospheric optical link, in 
accordance with a preferred embodiment of the present invention; and 

Fig. 10 is a schematic illustration of an optical network, in accordance with a preferred 
embodiment of the present invention. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Fig. 1 is a schematic illustration of an atmospheric optical link 20, in accordance with a 
preferred embodiment of the invention. Optical link 20 comprises a pair of transceivers 22A 
and 22B which transmit to each other light beams through atmosphere 26, over a distance 32. 
Preferably, each transceiver 22A and 22B receives a light beam to be transmitted through 
atmosphere 26 from a transmission optical fiber 24 and passes a light beam received from 
atmosphere 26 to a reception optical fiber 28. In a preferred embodiment of the invention, the 
transmitted and received beams are transmitted and received concurrently using a single 
collimator in each of transceivers 22A and 22B. 

Each of transceivers 22A and 22B preferably comprises a mechano-optic unit (MOU) 
34, which performs the actual transmission and/or reception of a light beam to and from 
atmosphere 26, and a processing unit referred to herein as a Fiber electronic unit (FEU) 36. 

In a preferred embodiment of the invention, a single fiber 100, preferably a single- 
mode fiber, connects between MOU 34 and FEU 36. MOU 34 preferably receives a light beam 
for transmission through fiber 100 and transmits the beam through atmosphere 26 and/or 
receives a light beam from atmosphere 26 and passes the received beam through the same fiber 
100. Fiber connectors 38, such as APC and PC connectors, are preferably located at outlets of 
MOU 34 and FEU 36 which connect to fiber 100. Preferably, when fiber 100 passes light 
beams propagating in opposite directions, connectors 38 have a low return loss, i.e., less than 
-70 dB, so that return residue signals due to the connector are of negligible power relative to 
the beam power in the opposite direction. 

Alternatively, MOU 34 is connected to FEU 36 through two fibers, preferably single 
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mode fibers, which cany the transmitted beam and the received beam separately. In this 

alternative, return residue signals do not substantially interfere with the transfer of the data 
carried by the beam. In a preferred embodiment of the present invention, when the distance 
between MOU 34 and FEU 36 is relatively large, this alternative is used. 

FEU 36 preferably performs pre-transmission and/or post-transmission adaptation of 
the beams transmitted and/or received by transceivers 22A and 22B. In a preferred 
embodiment of the invention, FEU 36 is removably attached to transceivers 22A and/or 22B, 
such that the FEU is easily replaced (e.g,, upgraded). 

The following description is primarily directed to transmission of data-carrying beams 
which carry data at high rates over substantial distances, i.e., at least 30, 50 or 100 meters, 
through outdoor atmospheric conditions. Such beam transmission is prone to atmospheric 
absorption (e.g., due to fog) and to turbulence which may cause power fluctuations 
(scintillations), beam wonder and large angles of arrival, which may substantially impede the 
quality of the transmitted beam. 

Distance 32, over which light beams are transmitted through atmosphere 26, is 
preferably not longer than about 1000-1200 meters. It is noted, however, that the present 
invention is not limited to any specific distance 32. Specifically, a maximal distance 32 
between transceivers 22A and 22B depends on weather conditions, visibility and the 
characteristics of the beam (e.g., wavelength, data rate). 

Preferably, the light beam provided in reception optical fiber 28 is suitable for 
transferring through the fiber over substantial distances, i.e., at least about 50 meters, usually 
kilometers or even tens of kilometers, without amplification and/or regeneration. 

Fig. 2 is a schematic illustration of mechano-optic unit (MOU) 34, in accordance with 
a preferred embodiment of the present invention. A light beam 48 received from atmosphere 
26 by MOU 34 is preferably passed to a fiber pigtailed collimator 40, or any other suitable 
collimator, which directs the light beam into a fiber 30. 

Fibers 24 and 28 (Fig. 1), with which link 20 interacts with a fiber network, are 
preferably single-mode fibers. Using single-mode fibers allows transmission over many 
kilometers of light beams carrying data at very high data rates, such as 2.5 to 40 Gbps, and 
even more, without requiring regeneration which includes conversion of the beam into an 
electrical signal. By avoiding use of regeneration within link 20, the link may be used with an 
all-optical network which benefits from the advantages described hereinbelow of all-optical 
networks. Therefore, in some preferred embodiments of the invention, transceivers 22A and 
22B pass the beams they receive from atmosphere 26 to fibers 28 without regenerating the 
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beam. Preferably, fiber 100 comprises a single-mode fiber and all the apparatus of FEU 36 

comprises single-mode apparatus. Single-mode optical apparatus is generally simpler, cheaper 
and less noisy. 

In a preferred embodiment of the invention, Fiber 30 into which light is directed from 
5 the atmosphere 26 comprises a single-mode fiber which has a core diameter smaller than 30 
microns, more preferably fiber 30 has a core diameter of about 10 microns or less. Fiber 30 
may be of substantially any numerical aperture; in an exemplary embodiment an aperture of 
about 0,14 is used. Passing the light beam from atmosphere 26 directly into a single-mode 
fiber simplifies the apparatus of link 20 as there is no need to optically convert the received 
10 beam from multi-mode to single mode. 

Alternatively to fiber 30 comprising a single mode fiber, fiber 30 comprises a short 
segment of a multi-mode fiber connected to a single mode fiber. Collimator 40 directs the light 
^ beam from the atmosphere into the multi-mode fiber. After passing the short multi-mode fiber 
v3 segment, the beam is passed into the single-mode fiber. In passing into the single-mode fiber 
:A5 only a single mode of light from the multi-mode fiber enters the single-mode fiber and 
isa * therefore the light beam loses most of its power. The beam within the single mode fiber, 
,S therefore, remains with a power of substantially the same amount as in the embodiment in 
j==s which fiber 30 is entirely single-mode. The effective lens diameter of collimator 40 in this 
j::f embodiment is, however, much larger, providing better immunity against atmospheric 
U10 tabulation effects. Preferably, at the connection between the multi-mode fiber and the single 
jT mode fiber, the light in the multi-mode fiber is scrambled, for example by one or more twists 
in the multi mode fiber, to ensure substantially even distribution of the light power between 
the different light modes. Thus, the mode passed to the single-mode fiber has substantially the 
same amount of power as the rest of the modes. 
25 The above described advantages of having link 20 provide single-mode light beams 

without performing regeneration are achieved at the cost of providing FEU 36 with a received 
beam of lower power than may be received using a multi-mode fiber as fiber 30 and 
regenerating the received beam. This is because the core diameter of a single-mode fiber is 
smaller than the core diameter of a multi-mode fiber, about by a factor of five, leading to a 
30 reception area ratio of about 25. Therefore, the received power of light beams led into single- 
mode light beams is smaller by a factor of about 25 than the power of light beams received 
into multi-mode fibers, which are immediately regenerated. 

In a preferred embodiment of the invention, collimator 40 has a relatively small 
effective lens diameter, e.g., less than 10 centimeters, more preferably less than 5 centimeters, 
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even more preferably between about 1-3 centimeters. In a preferred embodiment of the 

invention, the effective diameter of the lens of collimator 40 is about 14-15 mm. It is noted 

that in some preferred embodiments of the invention collimator 40 comprises a plurality of 

lenses forming composite lens. In these embodiments, the effective lens diameter refers to the 

composite lens. In an exemplary embodiment, collimator 40 has a 50 mm focal length lens. 

Preferably, collimator 40 comprises an aspheric lens and/or a Gradium lens so as to minimize 

aberration effects. 

A large effective lens diameter facilitates gathering large amounts of light in receiving 
a beam from the atmosphere and therefore the power of the received beam increases with the 
size of the beam. Also, the effective diameter of the lens is inversely related to the divergence 
level of the transmitted beam. Therefore, the power of a beam transmitted from a large lens is 
more concentrated and therefore is more efficiently gathered by a receiver. On the other hand, 
too low a divergence level enhances the turbulation effects of the atmosphere. Furthermore, a 
low divergence level requires very accurate pan and tilt adjustments. In addition, a small 
collimator is more easily controlled in auto-tracking of the beam. In a preferred embodiment of 
the invention, the effective lens diameter of collimator 40 is chosen as a compromise between 
the above considerations according to weather conditions, auto-tracking requirements, and/or 
the space in which the collimator is to be mounted. 

A suitable divergence level of collimator 40 is equivalent to a near ideal Gaussian 
beam divergence of about 0.2 mRad, and an output beam diameter of about 15mm at the lens 
plane. It is noted, however, that other divergence levels may be used according to the 
considerations described above. 

In a preferred embodiment of the invention, a composite MOU 34 may operate with a 
plurality of different effective lens diameters. When the atmosphere causes high power-losses, 
a large effective lens diameter (with a small divergence) is preferably used, while when the 
atmosphere causes significant turbulation a collimator setup which causes a large divergence is 
preferably used. A large divergence collimator setup is preferably achieved by using a small 
effective lens diameter. Alternatively or additionally, a large divergence collimator setup is 
achieved by using an out of focus lens setup with a large effective lens diameter. In a preferred 
embodiment of the invention, different divergence extents are achieved with the same or 
different effective lens diameters using different focus adjustments. It is noted that the 
advantage of using an out of focus lens, i.e., a large divergence which is better immune to 
turbulation, is achieved at the price of a higher power loss due to the out of focus lens. 

Preferably, a single collimator is used with one or more replaceable and/or adjustable 
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lenses to achieve the different collimator setups. Alternatively or additionally, a plurality of 
different collimators are included in the composite MOU. Preferably, all the collimators are 
mounted on a single base allowing fast orientation of all the collimators together. Further 
alternatively or additionally, the composite MOU comprises a single composite zoom lens 
5 which has an adjustable lens size. 

In a preferred embodiment of the invention, the composite MOU 34 is connected to a 
plurality of FEUs 36. When weather conditions allow, a plurality of the collimators of the 
composite MOU 34 are used concurrently, achieving a high bandwidth transmission. When the 
weather conditions are less favorable, only a single FEU 36 is used with the best suiting 
10 collimator of the composite MOU 34. 

Collimator 40 preferably also enlarges a light beam received from fiber 30 and 
transmits the collimated beam into atmosphere 26. Preferably, when collimator 40 is used for 
f both transmission and reception, the collimator has a low return loss, e.g., about -70 dB. 



3 conditions in a manner which ensures that the receiving transceiver receives the beam with a 

2 sufficient power level. Following is a description of the calculations of the losses of link 20 
^ which is preferably used in selecting the parameters of collimator 40. 

3 Each of transceivers 22A and 22B causes an internal loss of about 2-3 dB due to the 
R20 optical devices used by the transceivers. The losses due to geometrical divergence of the beam 
f in the atmosphere are described by equation 1 : 



in which Lg is the geometrical loss in dB, D^ eBS is the effective lens diameter of 
collimator 40, R is the transmission distance 32 and 9 is the divergence of the beam. For R= 

25 1km, Di ens =14mrn and 0=O.18mRad, L g is equal to about 22.9dB. Additional losses are 
caused by atmosphere absorption (between OdB on a clear day and 30dB and more on a very 
foggy day) and atmosphere turbulence (up to lOdB on hot days). It is noted that the turbulence 
may also enhance the power of the beam (up to about lOdB) by converging the beam onto 
collimator 40. Usually, significant turbulence losses are caused only on days which have 

30 relatively low absorption losses, e.g., less than lOdB. 

For an embodiment in which the light beam transmitted into the atmosphere has a 
power of about lOdBm and the received beam is extractable up to a power level as low as 



3 The parameters of collimator 40, e.g., the effective lens diameter and the divergence 

5 5 level, are preferably selected according to the transmission distance 32 and the weather 
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-40dBm, the total losses allowed by link 20 are about 50dB. The losses of link 20 are generally 

within these limits except when the atmosphere absorption exceeds 23dB. In noimal locations 

such losses are rare and occur on less than 1% of the days. For days in which the atmosphere 

absorption is very high, smaller effective lens diameters and/or larger divergence levels are 

preferably used. Alternatively or additionally, in areas in which highly absorbing fog is 

common, stronger optical amplifiers and/or shorter transmission distances are used. These and 

other solutions are described in more detail further hereinbelow. 

It is noted that in addition to the power losses due to atmospheric turbulence, the 
turbulence may cause beam deflection which will cause the beam not to be received at all. 
Therefore, as described above relatively large divergence levels of collimator 40 are preferably 
used, at least when the turbulence is high. 

A pan and tilt module 42 preferably adjusts the orientation of transmitted and received 
beams 48 automatically. In a preferred embodiment of the present invention, in addition to, or 
instead of, pan and tilt module 42, collimator 40 is mounted on a movable base 43 which 
adjusts the orientation of the collimator. Alternatively or additionally, MOU 34 is mounted on 
a movable base 44 which is used to coarsely adjust the position and/or orientation of MOU 34. 
Preferably, bases 43 and/or 44 comprise automatically controlled motors which adjust the 
position and/or orientation of collimator 40 and/or MOU 34 without manual assistance. 

In a preferred embodiment of the invention, pan and tilt module 42 and/or bases 43 
and/or 44 can be used to set the gaze direction of collimator 40 to a wide range of directions, 
for example, 30, 180 or even 360 degrees in one or both axes. Possibly, base 44 comprises a 
plurality of pre-set angular positions. Alternatively, such pre-set directions are stored at a 
controller that controls the gaze direction to pre-set directions. 

Alternatively or additionally, base 44 may be raised, lowered and/or otherwise moved 
in space, for example to avoid visual obstructions and/or to allow communication with a 
plurality of different transceivers which are not all in a free line of sight with a single position. 
Thus, as described hereinbelow with reference to Fig. 10, transceiver 22 may be used in 
networks having dynamic topologies. 

In a preferred embodiment of the invention, a camera is provided on at least some of 
MOUs 34, to detect visual obstructions at or near the line of sight. Using suitable processing, 
some obstructions, such as moving birds, can be predicted, so that a network controller can 
take avoidance actions. 

Preferably, the weight of collimator 40 mounted on movable base 43 is preferably less 
than 1 Kg, more preferably less than 200, 100, 50 and even 25 grams. Thus, the weight of 
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movable base 43 may be made simple and/or its movements may be controlled more 

accurately. Further preferably, MOU 34 weighs less than 1-3 Kgs and/or requires a volume 
smaller than 10 litres or even 6 litres. In a preferred embodiment of the invention, MOU 34 fits 
into a cube smaller than 20 x 20 x 20 cm. Thus, base 44 may be very small and MOU 34 may 
be positioned in small areas where it is most convenient. For example, MOU 34 may be 
hanged from a ceiling, positioned within a small corner (e.g., on a roof edge), or on a small 
area surface. 

In a preferred embodiment of the present invention, during the transmission of beam 
48, the position and/or orientation of the beam is substantially continuously adjusted by pan 
and tilt module 42 and/or base 43, so as to optimize the reception of the received beam. 
Preferably, the adjustment is performed automatically using auto tracking methods, so as to 
maximize the power of the received beam 48. In a preferred embodiment of the invention, the 
auto tracking is performed responsive to the received data beam. 

Alternatively or additionally, transceivers 22 combine, to transmitted data beams, a 
dedicated beam to be used in the auto-tracking. Preferably, when a dedicated beam is used, it 
is of a significantly different wavelength or polarization than the data-carrying beam so that it 
can be substantially loss-lessly separated from the data beam, if they use the same reception 
optics for detection. 

In some preferred embodiments of the invention, MOU 34 comprises a retro -reflector 

54, covered by a motorized shutter 55, which is used to adjust the orientation of an opposing 
MOU 34 which is entirely out of alignment. Retro-reflector 54 preferably comprises a small 
comer cube prism, such as, having a diameter of between about 20-80 mm, for example, 50 
mm. Alternatively, a large corner cube prism of over 80 mm is used. Preferably, retro-reflector 
54 reflects back, beams received over a wide range of angles, e.g., about 30 degrees. 

Preferably, when two opposite MOUs 34 do not detect the beams of each other, they 
both open the motorized shutters 55 of their retro-reflectors 54 allowing each other to perform 
independent scanning and adjustment of their gaze direction. Preferably, after opening shutters 

55, each of MOUs 34 scans for the opposite MOU by transmitting a beam in a two- 
dimensional pattern covering the area in which the opposite MOU is situated. When a 
reflection of the transmitted beam is received, the scanning MOU 34 records the scanning 
beam orientation for further use and preferably stops the scanning. 

Thereafter, the MOU 34 which recorded the orientation waits for the opposite MOU 34 
until it finishes scanning. When both the MOUs 34 have the correct orientations the 
transmission of data beam 48 preferably begins. At this point, shutters 55 are preferably closed 
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so as not to interfere with the transmission. In a preferred embodiment of the invention, a 

predetermined time is set for adjusting the mutual orientation of the MOUs 34, e.g., three 
minutes, after which transmission of data beams begins under the assumption that both the 
MOUs 34 are properly oriented. Alternatively or additionally, opposite MOUs 34 utilize 
beams of one or more distinct characteristics such that each MOU can identify whether the 
beam it receives is its own or includes also a beam from the opposite MOU. 

In a preferred embodiment of the invention, the scanning beam comprises the amplified 
spontaneous emission (ASE) of an optical amplifier or other apparatus of MOUs 34. 
Alternatively or additionally, the scanning beam comprises a reference beam generated by a 
LED or other optical source within FEU 36 or MOU 34, as described hereinbelow. Preferably, 
the distinct characteristics of the scanning beams comprise different wavelengths and/or 
different electrical frequencies. Alternatively or additionally, the MOUs 34 turn the scanning 
beam on and off at a distinct rate. 

In some preferred embodiments of the invention, in order to avoid detection of 
reflections from beams other than the scanning beam, such as beams from the sun, after 
detecting a reflection and recording the orientation MOU 34 switches off the scanning beam 
and checks whether the reflection disappears. If the reflection continues to be received, MOU 
34 continues the scanning, ignoring the recorded orientation. 

Alternatively or additionally, in order to avoid detection of other optical reflectors 
which happen to be in the vicinity of MOU 34, as being retro-reflector 54, the retro-reflector 
changes one or more characteristics of the scanning beam it receives. In a preferred 
embodiment of the invention, retro-reflector 54 comprises a chopper which constantly changes 
the power of the reflected beam at a predetermined rate. Preferably, the chopper does not 
entirely eliminate the reflected light, such that at all times at least some of the light impinging 
on retro-reflector 54 is reflected. This is to prevent cases in which the scanning passes retro- 
reflector 54 exactly when the chopper is closed. In a preferred embodiment of the present 
invention, the chopper comprises a 50/100 chopper. Alternatively or additionally, the scanning 
beam comprises a plurality of wavelengths and/or polarization modes and retro-reflector 54 
absorbs some of the wavelengths and/or polarization modes. 

The use of retro-reflector 54 allows relatively simple adjustment of the orientation of 
two MOUs 34 relative to each other, using small apparatus, even from positions in which 
MOUs 34 are totally out of coordination. The use of retro-reflectors 54 in MOUs 34 is 
especially advantageous in dynamic topology networks, described hereinbelow with reference 
to Fig. 10. In dynamic topology networks, MOUs 34 may often switch their pairings and 
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therefore adjustment of the orientation of the MOUs from uncoordinated conditions may be 

performed frequently. 

In a preferred embodiment of the invention, only one of a pair of MOUs has a 
dedicated beam generator and detector. Alternatively, both have a dedicated beam generator 
and detector. Further alternatively or additionally, both have a dedicated beam generator and 
detector but only one is operated. Alternatively or additionally, a detector is provided instead 
of retro-reflector 54. Alternatively, many optical alignment mechanisms are known in the art 
and may be used for maintaining the relative alignment of two MOUs. 

In a preferred embodiment of the invention, a filter is provided on retro-reflector 54, so 
only the scanning beam is reflected. Alternatively, a position sensitive detector (or an imaging 
array) may be used to detect small misalignments. Alternatively or additionally, retro-reflector 
54 is used for tasks other than adjustment from out of alignment states, such as for intensity 
adjustment. 

In a preferred embodiment of the invention, MOU 34 comprises an oblique window 50 
which faces downwards, such that the window does not develop moisture and does not directly 
return light it receives in a manner which may blind other MOUs. In a preferred embodiment 
of the invention, a heater 58 regulates the temperature within MOU 34 in order to avoid 
condensation on window 50 and/or to prevent the temperature within MOU 34 from going 
beneath operational temperature levels of the apparatus of the MOU. 

Preferably, MOU 34 (i.e., collimator 40 and pan and tilt module 42) may operate with a 
large span of optical beams with different characteristics including beams formed of one or a 
plurality of wavelengths (e.g., WDM beams), beams of various modulation modes, beams of 
various data rates and/or beams with various wavelengths. Thus, MOU 34 is substantially 
independent of the characteristics of the transmitted and/or received light beam and does not 
need to be altered or replaced when one or more characteristics of the light beams passed 
through link 20 change. 

Fig. 3 A is a schematic illustration of the major elements of FEU 36, in accordance with 
a preferred embodiment of the present invention. As described above, FEU 36 preferably 
receives a transmission light beam through transmission fiber 24 and passes a light beam 
received from atmosphere 26 (Fig. 1) through reception fiber 28. Preferably, a circulator 80 
combines the beams on fibers 24 and 28 into a single beam passed on input/output fiber 100 
from/to MOU 34. Alternatively, a splitter (e.g. a 50/50 coupler) which divides the beam into to 
separate beams which each has about half the power of the original beam, is used instead of 
circulator 80, resulting in a loss of about 3dB. Alternatively or additionally, circulator 80 is 
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included in MOU 34 instead of being in FEU 36. In order to ensure that the transmission beam 

is transmitted with relatively high power, the beam is preferably amplified by an optical 
booster 82 before it is transmitted. In some preferred embodiments of the invention, a pre- 
amplifier 84 amplifies the received light beam before it is passed through reception fiber 28. 
5 Preferably, pre-amplifier 84 and booster 82 can amplify light beams of a span of 

wavelengths, e.g., over a bandwidth of 40-50 nm or even more, in the range of wavelengths 
normally used for transmitting data signals. Thus, light beam 48 can include a plurality of 
wavelengths carrying different data, achieving transmission of data at a higher bandwidth than 
using only one wavelength. Preferably, pre-amplifier 84 and booster 82 can amplify beams 
10 with very high data rates. In a preferred embodiment of the invention, pre-amplifier 84 and 
booster 82 can handle any beam which can pass through fibers 24 and 28 and/or through 
standard LTEs. Alternatively, pre-amplifier 84 and booster 82 can handle beams with a 
3 bandwidth of up to at least about 80% or 90% of the bandwidth capabilities of standard LTEs. 
5 In a preferred embodiment of the present invention, the extent to which booster 82 

15 and/or pre-amplifier 84 amplify their beams depends on distance 32 and/or on weather 
3 conditions. Alternatively or additionally, the amplification extent of booster 82 and/or pre- 
; amplifier 84 is controlled based on the average input power of the beams they receive. 

In a preferred embodiment of the invention, booster 82 comprises a semi-conductor 
3 optical amplifier (SOA) or an erbium doped fiber amplifier (EDFA). Similarly, pre-amplifier 
go 84 preferably comprises an SOA or an EDFA. It is noted, however, that substantially any other 
optical amplifiers may be used, such as Er/Yb amplifiers. Furthermore, as described 
hereinbelow, optical attenuators may be used instead of or in addition to booster 82 and/or pre- 
amplifier 84. 

Fig. 4 is a schematic illustration of optical link 20, useful in understanding the 
25 operation of pre-amplifier 84, in accordance with a preferred embodiment of the present 
invention. Light beam 48, including a data signal of one or more wavelengths, is transmitted 
from transceiver 22 A through atmosphere 26 to transceiver 22B. It is noted that, as described 
above, beam 48 may be a bi-directional beam. The following explanation, however, for 
simplicity, regards only to that part of light beam 48 transmitted from transceiver 22A to 
30 transceiver 22B. Preferably, pre-amplifier 84 of transceiver 22B receives light beam 48 and 
amplifies it to compensate for at least some of the power losses of the beam due to atmosphere 
absorption and/or beam divergence (i.e., geometrical losses). In a preferred embodiment of the 
invention, the extent of the amplification is the largest possible extent which does not degrade 
the beam to be unusable. 
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In addition to the general attenuation of the power of light beam 48 caused by 

atmosphere 26, the atmosphere causes a variable change of the power of the light beam. The 
variable changes are referred to herein as fluctuations. Fig. 3B is an exemplary schematic 
graph of the power of a light beam 53 received from the atmosphere. The difference between 
the highest and lowest power of the beam 53 is about 30dB and the rate of change of the 
attenuation is about up to 1 kHz. 

Preferably, pre-amplifier 84 has a variable amplification level which is dynamically 
adjusted such that the output of the pre-amplifier has a substantially constant signal power. In 
a preferred embodiment of the invention, a coupler 108 passes a small portion (e.g., between 
5% - 1%) of the output of pre-amplifier 84 to a detector 98 which determines the power of the 
output, A feedback circuit 122 preferably compares the determined power to a desired average 
power and accordingly the amplification level of pre-amplifier 84 is adjusted. Feedback circuit 
122 may be of any type known in the art including open loop and closed loop control circuits. 

Preferably, the desired average power is preferably set according to a long-term 
average of the power of received beam 48, such that the average amplification level of pre- 
amplifier 84 is in the middle of the dynamic range of the pre-amplifier. Alternatively, a 
predetermined fixed power level is used instead of the desired average power. 

Thus, pre-amplifier 84 performs automatic gain control (AGC) of the signal it 
amplifies. The gain control compensates for the power fluctuations introduced into the signal 
by atmospheric turbulence. It is noted that the described AGC is performed with all-optical 
apparatus without performing any conversions of the data in beam 48 to an electrical form. 

Preferably, the amplification level of pre-amplifier 84 may vary over a wide range 
allowing amplification of beam 48 to the desired average power even when the beam suffers 
from worst case variations in the amplitude due to turbulation in atmosphere 26. In a preferred 
embodiment of the invention, pre-amplifier 84 has a dynamic range of amplification of a factor 
of approximately 1000 between its lowest and its highest amplification (including attenuation) 
levels. In a preferred embodiment of the invention, an SOA which generally has a maximal 
amplification of about -f-20dB and a maximal attenuation of about -lOdB is used to implement 
pre-amplifier 84, 

Preferably, the frequency response of pre-amplifier 84 is large enough to compensate 
for most rates of change of the amplitude of signals passing through atmosphere 26, for 
example, at least about 1 kHz. Such rates of change may be achieved, for example, by an SOA. 
Alternatively or additionally, an optical amplifier with a lower rate of change, such as, an 
EDFA with a typical rate of change of about 100 Hz is used to implement pre-amplifier 84. 
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Such optical amplifiers with low rates of change may be used in networks in which the LTEs 

and/or ADMs are tolerant to low levels of turbulence not corrected due to the low rate of 

change. 

Preferably, a base amplification level of pre-amplifier 84 which is applied to signals 
least distorted by atmosphere 26, is set such that the pre-amplifier uses substantially its entire 
dynamic range. Thus, only when beam 48 suffers from extreme fluctuation levels, the 
fluctuations are not entirely corrected. In a preferred embodiment of the invention, when pre- 
amplifier 84 distorts the data signal when it saturates, e.g., when pre-amplifier 84 comprises an 
SOA, feedback circuit 122 truncates very high values such that the pre-amplifier never 
saturates. In such cases the fluctuations in light beam 48 are not entirely corrected. 

Detector 98 preferably measures the peak to peak amplitude of an AC component of 
the data signals it receives while ignoring DC signals (and low frequency AC signals) which 
are generally due to ASE of pre-amplifier 84. In a preferred embodiment of the invention, 
detector 98 also ignores AC components which were not received from atmosphere 26 and/or 
are otherwise not required for the AGC. Alternatively or additionally, detector 98 comprises a 
narrow band filter which provides a measuring module of the detector only with electric 
frequencies of the data signals in beam 48. Further alternatively or additionally, an optical 
filter of a narrow band around the wavelength of the data beam is used to remove noise from 
the beam entering detector 98. 

Alternatively to adjusting the amplification of pre-amplifier 84 based on the peak to 
peak amplitude of the data beam at the output of pre-amplifier 84, a reference signal is 
combined in transceiver 22A to signals being transmitted through atmosphere 26. The 
reference signal preferably has a predetermined frequency which is easily distinguished both 
from frequencies which commonly accumulate high levels of disturbance (e.g., DC) and from 
the frequencies at which the data of beam 48 is modulated. In a preferred embodiment of the 
invention, the reference signal has a relatively low data rate frequency, e.g., between about 20- 
200 kHz. The reference signal preferably has a signal power lower than the power of the data 
beam, so as not to interfere with LTEs receiving the light beam from link 20. On the other 
hand, the power of the reference signal is not too low such that it can be easily measured. In a 
preferred embodiment of the invention, the power of the reference signal is lower than the 
power of the data beam by a factor of between about 4-10. Detector 98 preferably measures 
only the amplitude of the reference signal and accordingly the amplification of pre-amplifier 
84 is adjusted. As atmosphere 26 attenuates the data signal and the reference signal to the same 
extent, the fluctuations in the reference signal are accurately indicative of the fluctuations in 
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the data signal. 

In some preferred embodiments of the invention, transceiver 22B comprises a detector 
96 (and a corresponding coupler 95) which measures the power of the beam received by MOU 
34. The measurements of detector 96 are preferably used for the auto-tracking performed by 
5 MOU 34. Alternatively or additionally, the measurements of detector 96 i.e., of the data beam 
before it enters pre-amplifier 84, are used by feedback circuit 122 in addition to, or instead of, 
the measurements of detector 98. Further alternatively or additionally, coupler 95 and/or 
detector 96 are included in MOU 34. Thus, the auto-tracking is controlled independently by 
MOU 34 without relation to FEU 36. 

10 Fig. 5 is a schematic illustration of an optical link 99, useful in understanding the 

operation of pre-amplifier 84, in accordance with a preferred embodiment of the present 
invention. In this embodiment, pre-amplifier 84 preferably comprises an EDFA (or any other 

□ optical amplifier which does not distort data signals when it saturates) with a fixed 
3 predetermined amplification. It is noted, however, that when the EDFA receives a signal which 

!= jj5 if it is amplified by the fixed amplification level it will be above a saturation level of the 

Q EDFA, the received signal is amplified by a lower amplification level which brings the signal 
to the saturation level. 

^ Preferably, transceiver 22 A comprises a LED 112, or other light source (e.g., a laser 

diode), which generates a reference signal, as described above. The reference signal is 

Lao preferably combined, by a combiner 105, with the data beam transmitted from transceiver 
22 A. Preferably, the LED signal is combined to the data beam before booster 82, such that the 
reference signal is also amplified, and a relatively low power LED may be used. Alternatively, 
combiner 105 is located after booster 82. 

Transceiver 22B receives the beam and preferably passes it through a splitter 115 
25 which passes a small fraction, e.g., 5-15% to a detector 117 which converts the small fraction 
beam into an electrical signal. The rest of the beam from sp Utter 115 is passed on a fiber 109 
and is referred to as the data beam. The electrical signal is preferably filtered by electric 
circuitry 118 to extract only the reference signal, and the extracted reference signal is 
amplified. The amplified reference signal is preferably converted back to a light beam using a 
30 LED or other light source 119. The converted reference light beam is preferably recombined to 
the data beam from fiber 109 at a combiner 121. Electric circuitry 118 preferably amplifies the 
reference signal by a predetermined fixed amount, which is chosen such that the output of pre- 
amplifier 84 will always be at the saturation level. Thus, the reference signal is amplified by a 
varying amount which always brings it to a fixed level. Since the reference signal was 
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distorted by atmosphere 26 in the same way the data signal was distorted, the fluctuations of 

the data signal are thus corrected by pre-amplifier 84. 

Preferably, splitter 1 15 is implemented using a fused coupler and/or using a free-space 
beam splitter, as is known in the art. Alternatively or additionally when the reference beam has 
a distinct wavelength from the wavelength of the data beam, splitter 1 15 is implemented using 
a wavelength selective coupler (WSC) which has much lower loss rates relative to the fused 
coupler. Further alternatively or additionally, the WSC is replaced by a mirror for a specific 
wavelength and a circulator, as is known in the art. 

It is noted that detector 117 may be a simple detector as it only needs to detect the 
reference signal which has a relatively low frequency, e.g., about 20-200 kHz, and not the data 
signal which has a very high data rate. 

Alternatively to detector 117, circuitry 118 and light source 119, in some preferred 
embodiments in which the reference signal can be optically separated from the data beam, the 
small fraction from splitter 115 is passed to a filter which extracts the reference signal. The 
filtered reference signal is then amplified by an optical amplifier and recombined to the data 
beam at combiner 121. In a preferred embodiment of the invention, the reference signal has a 
different wavelength than the data beam and the filter which extracts the reference signal 
extracts signals having the wavelength of the reference signal In this embodiment, a WSC or 
other filter is located after preamplifier 84, so as to clear the data beam provided by pre- 
amplifier 84 from the reference signal. Alternatively, the reference signal is combined in the 
opposite direction from the data beam. 

Alternatively to using a reference signal, detector 117 detects the data beam itself. This 
alternative requires a more complex detector 117 but does not require LED 1 12 in transceiver 
22A. 

Further alternatively, the data beam received by transceiver 22B is directly fed into an 
EDFA with an amplification level high enough such that the data beam saturates the EDFA. 
Preferably, this alternative is used for relatively short distances 32 of transmission through 
atmosphere 26, such that the noise entered by the EDFA does not dominate the data beam. 
Alternatively or additionally, a two-stage EDFA is used with an intermediate band pass filter 
which at least partially removes the noise generated by the EDFA. 

Fig. 6 is a schematic block diagram showing the details of FEU 36, in accordance with 
a preferred embodiment of the present invention. As described above, FEU 36 comprises 
circulator 80, booster 82 and pre-amplifier 84. In a preferred embodiment of the invention, an 
isolator 86 is placed on a light path leading from fiber 24 to booster 82 in order to prevent 
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amplified spontaneous emission (ASE) signal return from the booster toward a source 

generating the beam received through fiber 24. Alternatively or additionally, an isolator 88 is 
positioned on a light path between pre-amplifier 84 and fiber 28 in order to prevent ASE 
and/or data signal return, back to the pre-amplifier. 

In some preferred embodiments of the invention, FEU 36 comprises a controller 90 
which controls the operation of the FEU, especially the amplification of booster 82 and/or 
amplifier 84. For example, controller 90 may perform the AGC in accordance with any of the 
methods described hereinabove. 

Preferably, one or more light detectors provide controller 90 with indication on the 
operation of FEU 36. Alternatively or additionally, the indications are provided to humans on 
a front panel 97. Further alternatively or additionally, indications are provided to line terminal 
equipment (LTE) providing and/or receiving beams to/from FEU 36. The indications may be 
provided to the LTE directly from the detectors and/or may be processed and sent from 
controller 90. 

In a preferred embodiment of the invention, FEU 36 comprises a communication-in 
detector 92 which measures the power of the beam received through fiber 24 from the LTE 
and a booster detector 94 which detects the power of the beam coming out of the booster. 
Similarly, detector 96 detects the light power of the signal going into pre-amplifier 84 and 
detector 98 detects the power of the signal coming out of the pre-amplifier. Preferably, a 
coupler 102 provides detector 92 a small portion (e.g., 1% - 5%) of the light beam entering 
booster 82. Similarly, coupler 108 provides detector 98 with a small portion of the light beam 
coming out of pre-amplifier 84. 

A coupler 104 preferably provides a small portion of the light traveling on fiber 100 
separately in each direction. The portion of the light entering pre-amplifier 84 is preferably 
provided to detector 96, and the portion from the light beam exiting booster 82 is provided to 
detector 94. 

As described above, in a preferred embodiment of the invention, FEU 36 comprises a 
LED 1 12 (or other light source) which provides a reference signal which is used in monitoring 
the amplification of pre-amplifier 84, of an opposing FEU 36. Preferably, the reference signal 
from LED 112 is transmitted through atmosphere 26 together with the beam output from 
booster 82. In a preferred embodiment of the invention, the light from LED 112 is coupled 
with the data beam before the data beam enters booster 82. Alternatively or additionally, the 
reference signal is combined to the data signal after booster 82. In some preferred 
embodiments of the present invention, LED 1 12 is used for additional or alternative tasks than 
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generating the reference signal. Alternatively or additionally, another LED, or other light 

source, is included in FEU 36, for example light source 119, The light from light source 1 19 is 
preferably combined to the light beam received from the atmosphere using coupler 104 and an 
additional coupler 110. The light from light source 119 is preferably used for saturation of 
preamplifier 84, as described above with reference to Fig. 5 and/or for open loop control of 
preamplifier 84. 

In some preferred embodiments of the invention, controller 90 receives commands 
remotely from other FEUs and/or from a network manager. In a preferred embodiment of the 
invention, FEU 36 comprises a modem 1 14, or any other communication interface, which may 
be used to provide the commands to controller 90. Alternatively or additionally, modem 114 
may be used to remotely receive feedback from controller 90. 

In a preferred embodiment of the present invention, controller 90 controls the modules 
of MOU 34, i.e., pan and tilt module 42, bases 43 and/or 44, retro-reflector 54 and/or shutter 
55. Alternatively or additionally, MOU 34 has a separate controller which is preferably 
connected to modem 114 and/or to controller 90. Alternatively or additionally, MOU 34 
receives instructions directly from the network manager. 

In a preferred embodiment of the invention, an -electrical connection, or a separate 
optical connection, is used to pass commands from FEU 36, e.g., controller 90, to MOU 34. 
Alternatively or additionally, FEU 36 and MOU 34 communicate using a control light beam 
which is combined to the data beam. Preferably, control commands are modulated on to the 
control light beam at a relatively low data rate, e.g., about 2-50 kHz. Using a low data rate 
allows using relatively simple apparatus for generating and receiving the control beam. 

The control beam preferably has a wavelength different from the wavelengths of the 
data beams passed through the FEU 36 and MOU 34. Further preferably, the wavelength of the 
control beam is in a totally different band thai the data beams. Using a different wavelengths 
allows using simple apparatus, e.g., a wavelength selective coupler (WSC), to extract the 
control beam from the combined data and control beam. 

In a preferred embodiment of the invention, the control beam is transmitted from FEU 
36 to MOU 34. Alternatively, control beams are transmitted from MOU 34 to FEU 36 and 
from FEU 36 to MOU 34. In a preferred embodiment of the invention, the control beam is 
extracted from the data beam before the data beam is transmitted into the atmosphere. 
Alternatively or additionally, the control beam passes with the data beam into the atmosphere. 
In a preferred embodiment of the present invention, a control beam is used to transmit control 
commands throughout a network between a plurality of FEUs 36 and/or to/from the network 
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manager. Furthermore, the control beam may be used to communicate between the FEUs and 

one or more LTEs using link 20. Alternatively or additionally, the control beam is the same 
beam as the above described reference beam which is used for AGC correction and/or for auto- 
tracking. 

In some preferred embodiments of the invention, MOU 34 is located adjacent FEU 36. 
In these embodiments it is relatively simple to used a dedicated wire or cable connection in 
order to pass control commands between MOU 34 and FEU 36. In some preferred 
embodiments of the invention, however, FEU 36 is far away from MOU 34. For example, 
MOU 34 may be located in a location which is considered unsafe, or otherwise inappropriate 
for placing FEU 36. Furthermore, it may be advantageous to place FEU 36 near the LTE, e.g., 
in order to pass control information between the LTE and the FEU, generating the transmitted 
signal. In these embodiments the use of a control beam in the same fiber used for transferring 
the data beam is very advantageous. 

In some preferred embodiments of the present invention, controller 90 is connected 
through cables or telephone wires to the network manager. Alternatively or additionally, a 
cellular or other wireless connection is used to transmit commands to and/or receive feedback 
from controller 90. Further alternatively or additionally, the commands and/or feedback are 
transmitted optically within the data beams and/or on separate control beams. In a preferred 
embodiment of the invention, the reference signals added to the data beam for auto-tracking 
and/or for AGC, are also used for control communication between transceivers 22A and 22B, 
Preferably, control data is modulated into the reference beam using AM and/or FM 
modulation. 

Preferably, FEU 36 includes a power source 127, such as a connection to electrical 
lines. FEU 36 preferably includes a UPS which prevents failure of the transceiver when an 
electricity failure occurs. Alternatively or additionally, batteries, solar cells and/or any other 
power source are used, permanently or as a backup in case of failure. 

In some preferred embodiments of the present invention, where climate conditions so 
require, FEU 36 comprises a heater which is used to prevent the temperature within the FEU 
from going beneath operational temperature levels of the apparatus of the FEU. 

Although FEU 36 was described as comprising a pair of amplifiers, namely booster 82 
and pre-amplifier 84, more or fewer amplifiers may be used by FEUs 36. For example, a 
cascade of amplifiers may be used when the transmitted beam suffers from high losses in 
atmosphere 26. Conversely, in some preferred embodiments of the present invention, only a 
single amplifier is used: either booster 82, before the beam is transmitted or pre-amplifier 84, 
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after the beam is received. Furthermore, when distance 32 between the transmitter and receiver 

is very short, in normal conditions about at the order of less than 100 meters, FEUs 36 may not 
include an amplifier at all. 

Fig. 7 A is a schematic block diagram of the major parts of FEU 36, in accordance with 
5 another preferred embodiment of the present invention. In the embodiment of Fig. 7A, a single 
optical amplifier 130 is used to amplify both the beam being transmitted through atmosphere 
26 and the beam received from the atmosphere 26. 

In a preferred embodiment of the present invention, AGC is performed by an attenuator 
132 with a feedback circuit 134 similar to feedback circuit 122 described above. Preferably, an 
10 attenuator 140 is placed on the fiber receiving a beam for transmission from an LTE, in order 
to prevent amplifier 130 from saturating. Preferably, amplifier 130 has a substantially constant 
amplification which is suitable to serve both as a booster and a pre-amplifier. 
hi In a preferred embodiment of the invention, attenuator 132 comprises a fiber-coupled 

ij acousto-optical modulator such as PN:AMM-55-3.2-170-1550-2FP, available from Brimrose, 
E| located in Baltimore, Maryland, US. Alternatively, attenuator 132 comprises an electro 
^ absorption attenuator or any other suitable attenuator with an adjustable attenuation level 
iS « which changes at a rate sufficient for AGC. Attenuator 140 preferably comprises a simple 
^. variable attenuator as it does not require a high rate adjustable attenuation level. 
; Alternatively or additionally to using an attenuator 132 to perform AGC, amplifier 130 

gfi comprises an EDFA or other amplifier which performs AGC by its being saturated. Further 
alternatively or additionally, amplifier 130 performs AGC on both the transmitted and received 
beam. Preferably in this alternative only one of two opposing transceivers performs AGC 
Alternatively, the feedback circuit 134 takes into account that the opposing transceiver is also 
performing AGC and accordingly performs smaller corrections. 
25 In a preferred embodiment of the invention, FEUs 36 with only a single amplifier are 

used for atmospheric optical links in which the travel distance 32 in the atmosphere is 
relatively short. Atmospheric optical links with long travel distances 32 preferably use FEUs 
36 with separate boosters 82 and pre-amplifiers 84, which generally provide better 
amplification. 

30 Fig. 7B is a schematic block diagram of the major parts of FEU 36, in accordance with 

another preferred embodiment of the present invention. In the embodiment of Fig. 7B, the 
amplification of the transmitted and received beams is performed partially by a common 
EDFA stage 141 and partially by separate amplifiers, namely an additional EDFA stage 142 
for the beam transmitted to the atmosphere and an SO A 144 for the beam received from the 
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atmosphere. An isolator 145 preferably separates between EDFA stages 141 and 142 as is 

known in the art. Similarly, an isolator 147 preferably separates between EDFA stage 141 and 

SOA 144. A circulator 146, or a splitter, preferably divides/combines the beam entering EDFA 

stage 141. Thus, a double stage EDFA performs the task of booster 82 (Fig. 3 A) with a 

resultant high maximal amplification level. The task of pre-amplifier 84 is thus performed by a 

combination of SOA 144 and EDFA stage 141. The AGC is preferably performed using a 

feedback circuit 148 around SOA 144, taking advantage of the high rate and high span of 

change of the amplification provided by the SOA. The resultant noise added to the beam 

received from the atmosphere is relatively low, as the EDFA stage 141 which has a low noise 

level precedes SOA 144 and therefore determines the noise level By using a common EDFA 

stage 141 for both the transmitted and received beams the cost of the FEU is substantially 

reduced. 

As described above, in some preferred embodiments of the invention, the reference 
beam travels in the same direction as the data beam on which AGC is performed, and the AGC 
is performed in the receiver (e.g., 22B in Fig. 5). Alternatively or additionally, the AGC is 
performed in the transmitter (e.g., 22A in Fig. 5), for example by booster 82. Performing the 
AGC in the transmitter generally enlarges the dynamic range of the AGC. 

In a preferred embodiment of the present invention, the amplification of booster 82 of 
the transmitter (e.g., 22A in Fig. 5) is adjusted according to the readings of detector 98 and/or 
96 in the receiver (e.g., 22B in Fig. 5). Preferably, telephone wires and/or wireless 
communication (e.g., using modems 114) are used to transmit feedback indications, e.g., the 
readings of detectors 96 and/or 98 (indicating the power of the data beam or of the reference 
beam), to a controller (e.g., controller 90 in Fig. 6) of booster 82. Alternatively or additionally, 
the feedback indications are modulated (using amplitude, frequency, phase and/or other 
modulation) onto a reference beam transmitted from the receiver to the transmitter. Further 
alternatively or additionally, the feedback indications are inserted as small packets into the 
data beam. 

Further alternatively or additionally, the amplification of booster 82 is controlled 
responsive to the power fluctuations of a reference beam or a data beam traveling in an 
opposite direction, i.e., from the receiver to the transmitter. It is noted that in general, the 
fluctuations are independent of the direction of the beam. 

Atmospheric optical links, according to any of the above described embodiments, are 
all-optical links in which the data traveling along the link is carried only by light beams and 
not by any other data carrier. Especially, the light beam transmitted through the link remains in 
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its optical form throughout the link and is not converted into an electrical form, i.e., passed 

through an electrical regenerator. When a light beam is regenerated, it is actually replaced by 
another beam, while light beams traveling in an all-optical system remain as the same beam 
throughout the system. As regenerators are generally complex and expensive, using an all- 
optical link for transmission through atmosphere 26 simplifies formation of large networks of 
atmospheric optical links. Furthermore, all-optical links are less wavelength dependent such 
that they are more versatile and easier to adapt to different wavelengths, data rates, modulation 
schemes and other characteristics of the beams, if such adaptation is required. 

Also, all-optical links may be used with light beams of a relatively wide range of 
wavelengths, (e.g., 40-50nm), generally limited only by the capabilities of optical amplifiers 
used. Particularly, all-optical links may be used to transfer light beams formed of beams of a 
plurality of wavelengths. Thus, when it is desired to transmit a beam with a slightly different 
wavelength and/or with an additional wavelength, substantially no changes are required in the 
all optical link 20. These advantages allow production of all-optical transceivers in a large 
scale without performing changes for each client so that the transceivers be compatible to the 
apparatus of the client. 

It is noted that in many cases, transceivers 22A and 22B are not necessarily next to or 
associated with LTEs which perform electrical conversion of all the signals carried by the light 
beam transmitted through the atmosphere. For example, the light beam may be passed to an 
ADM which optically extracts only a single wavelength which it requires, and the rest of the 
wavelengths need not be regenerated. In such cases, performing regeneration of all the 
wavelengths in the beam after the transmission through atmosphere 26, is wasteful. 

In some preferred embodiments of the invention, however, electrical regenerators as 
described, for example in above mentioned U.S. patent 4,960,315 are used instead of, or in 
addition to, optical amplifiers, e.g., booster 82 and pre-amplifier 84. In some preferred 
embodiments, electrical regenerators are used in an atmospheric optical link when the link is 
used to transmit a light beam of specific characteristics for which optical amplifiers are 
expensive, have insufficient amplification levels, introduce high levels of noise and/or are non 
existent. Furthermore, light beams of certain wavelengths, e.g., 1310 nm, may not have 
suitable optical amplifiers and/or may suffer from high attenuation rates in the atmosphere. 
Therefore, light beams in these wavelengths are preferably converted to more suitable 
wavelengths before transmission through the atmosphere, and are converted back to the 
original wavelengths after the transmission through the atmosphere. In a preferred embodiment 
of the present invention, the wavelength conversion is performed using regeneration. 
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Alternatively, the conversion of the wavelengths is performed optically. In another example, 

multi-mode light beams may not have optical amplifiers which do not introduce high noise 
levels. Alternatively or additionally, electrical regenerators are used when distance 32 between 
transceivers 22 is very large. 

In some preferred embodiments of the present invention, as described below with 
reference to Fig, 8, FEU 36 comprises a plurality of modules for handling light beams of 
different characteristics, e.g., wavelengths. Preferably, the modules operate concurrently on 
components of complex beams. Alternatively or additionally, one or more of the plurality of 
modules are selected by a network manager according to the characteristics of the light beam 
handled by the FEU, Further alternatively or additionally, transceivers 22 are modular 
allowing simple replacement of their FEUs 36 or of one or more modules of the FEUs and/or 
simple altering of the characteristics of the light beams for which the FEU is configured. In a 
preferred embodiment of the present invention, the alterations are performed automatically by 
controller 90 responsive to commands received remotely. 

Fig. 8 is a schematic block diagram of an atmospheric optical link 160, in accordance 
with a preferred embodiment of the present invention. Optical link 160 comprises a transceiver 
22A which receives a data-carrying light beam from a transmission optical fiber 24 and 
transmits the data on a light beam 48 through atmosphere 26. A transceiver 22B receives light 
beam 48 and passes the data in light beam 48 into a fiber 28. It is noted that optical link 160 
may be used for bi-directional beams. The following explanation, however, for simplicity, 
regards only to light beams transmitted from transceiver 22 A to transceiver 22B. Each of 
transceivers 22A and 22B comprises an MOU 34A and 34B, respectively. MOUs 34A and 
34B are preferably suitable for light beams with a wide range of characteristics, such as 
wavelengths, modulation modes and/or data rates. Transceivers 22 A and 22B preferably also 
comprise standard connections for receiving one of a plurality of different FEUs 36A and 36B. 
Alternatively or additionally, one or more modules of the FEUs may be replaced, added and/or 
removed. Preferably, FEUs 36A and 36B placed in transceivers 22 A and 22B respectively, are 
chosen according to the light beam which is passed over optical link 160. 

In some preferred embodiments of the invention, FEU 36A comprises a plurality of 
modules, e.g., 162A and 164A, which perform the tasks of the FEU for different wavelengths 
or for beams of other different characteristics. Thus, in these embodiments, FEU 36A may be 
used with a larger range of wavelengths than can be handled by a single optical or electrical 
amplifier. Preferably, one or more beam diverters direct the light beams through one or more 
of the modules of FEU 36A. 
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In a preferred embodiment of the invention, the one or more beam diverters comprise a 

splitter 169 which divides the beam received by FEU 36A according to its wavelengths, to the 
modules 162 A or 164A at which the various wavelengths are handled, and a combiner 168, 
which combines the processed beams from the modules, back into a single beam which is 

5 passed to MOU 34A for transmission through atmosphere 26. Preferably, splitter 169 and/or 
combiner 168 are implemented using a wavelength selective coupler (WSC) or a fused 
coupler. Alternatively or additionally, splitter 169 and/or combiner 168 are implemented using 
a free space beam splitter and/or a circulator with a wavelength selective mirror. 

Alternatively, the one or more beam diverters comprise switches which pass the light 

10 beam from fiber 24 to a suitable module, according to the characteristics of the beam. 
Preferably, a controller of FEU 36A analyzes the received beam and automatically sets the 
states of the switches to connect one of the modules. Alternatively or additionally, the states of 
the switches are set responsive to commands from a central control unit of a network including 
link 160. The commands may be sent using wire or wireless communications or are carried by 

15 the light beams passed through link 160. 

In a preferred embodiment of the invention, module 162 A comprises an optical booster 
which is useful for one or more wavelengths, for example, for wavelengths in the vicinity of 
1550 nm. Module 164A preferably comprises a regenerator formed of a simple optical receiver 
170A which converts a light beam into an electrical signal, and a transmitter 172 A which 

20 generates a light beam from the electrical signal. In a preferred embodiment of the invention, 
receiver 170 A also performs signal verification and/or correction tasks, as are known in the art, 
on the electrical signal. Module 164A may be used, for example, on light beams with a 1310 
nm wavelength. It is noted that transmitter 172 A does not necessarily generate a beam of the 
same wavelength as received by receiver 170A. In some preferred embodiments of the 

25 invention, transmitter 172A generates a beam with a different wavelength than of the beam 
received by receiver 170A, which different wavelength is better suited for transmission 
through atmosphere 26. 

Preferably, FEU 36B in transceiver 22B comprises modules 162B and 164B which 
respectively process received beams which were prepared for transmission by modules 162A 

30 and 164A. Preferably, similar to FEU 36A, FEU 36B comprises a splitter 174 and a combiner 
176. Module 162B preferably comprises a pre-amplifier (with accompanying apparatus) as 
described above with reference to any of Figs. 3-7B. Module 164B preferably comprises a 
receiver 170B with a wide dynamic range which is suitable for receiving light beams which 
suffer from turbulence fluctuation effects. Preferably, receiver 170B converts the received 
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beam into an electrical signal and performs AGC correction on the electrical signal In a 

preferred embodiment of the invention, receiver 170B also performs amplification and/or 
verification of the received beam, before and/or after it is converted into an electrical signal A 
transmitter 172B preferably converts the electrical signal back into a light beam with a 

5 wavelength close to, or identical to, the original beam entering receiver 170A. 

In a preferred embodiment of the invention, receivers 170A and 170B are suitable for 
use with a wide range of wavelengths without changes. Preferably, in order to change the 
wavelength handled by modules 164A and 164B, only transmitter 172B need be replaced. 
Alternatively or additionally, changes are performed in the electrical circuits which perform 

10 any of the amplification, verification and/or correction. 

It is noted that the structure of FEUs 36A and 36B described above were brought by 
way of example and FEUs with many different structures may be used within transceivers 22A 
and 22B. Such FEUs include one or more modules for various wavelengths. The modules may 
be all optical modules, such as modules 162 A and 162B, or may perform conversion to 

15 electrical signals as modules 164A and 164B. It is further noted that FEUs 36 A and 36B do 
not necessarily include the same number of modules or respective types of modules for the 
same wavelengths. For example, one of FEUs 36A and 36B may have a single all optical 
module for a plurality of wavelengths while the other FEU has a plurality of modules which 
handle each wavelength separately. 

20 In a preferred embodiment of the invention, transceivers 22A and 22B are modular and 

are easily upgraded. For example, a user may purchase, at first, a pair of FEUs 36A and 36B 
suitable for handling a light beam of a single wavelength. Such FEUs are preferably available 
for light beams of various wavelengths, including wavelengths in the band of 1310 and 1550 
nm. When the user needs to transmit additional bandwidth through an atmospheric link, the 

25 user may add to FEUs 36A and 36B additional modules or may replace the modules with 
modules useful for a plurality of wavelengths, e.g., modules 162A and 162B. 

In a preferred embodiment of the present invention, the modules of a multi-module 
FEU are used concurrently in order to achieve a higher transmission bandwidth. Alternatively, 
at any specific time only a sub group of the modules is used. Preferably, the sub-group of 

30 modules is chosen according to one or more characteristics of the light beam transmitted 
through the atmosphere. 

Alternatively or additionally, the modules are chosen according to weather conditions 
in order to achieve the highest bandwidth transmission given the atmospheric conditions. For 
example, in a preferred embodiment, a first module comprises a fast receiver which can be 
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used with beams carrying very high data rates and a second module includes a slow receiver 

with a higher sensitivity which can be used with only low data rate beams. In normal weather 
conditions the module with the fast receiver is preferably used. When the beam is not properly 
received, for example due to weather conditions, the LTE generating the beam is preferably 
requested to lower the data rate or information rate of the beam and the slow and more 
sensitive receiver is used, hi a further example, a third module uses all-optical apparatus for 
transmission of a beam which carries data on a plurality of separate wavelengths. When the 
weather conditions do not allow transmission using all optical apparatus, the LTE is preferably 
requested to transmit a beam with only one wavelength and either the first or second module is 
used. 

In a preferred embodiment of the present invention, FEU 36 and/or a network manager 
comprises weather sensors which provide indication of the weather conditions. Alternatively 
or additionally, the weather conditions are determined from the quality of a light beam 
transmitted through the atmosphere. Further alternatively or additionally, the network manager 
receives a weather forecast and adjusts accordingly. Thus, changes may be mode in the 
transmitted beam without waiting until the beam deteriorates and the transmission is 
interrupted. 

It is noted that in some preferred embodiments of the invention, for example, for single 
direction transmission over short distances, FEUs 36A and/or 36B are not required. Rather, 
fibers 24 and 28 connect directly to fibers 30 of MOUs 34 A and 34B, possibly through optical 
isolators, circulators and/or couplers. 

Fig. 9 is a schematic block diagram of a receiver 200 of an atmospheric optical link, in 
accordance with a preferred embodiment of the present invention. Receiver 200 comprises a 
plurality of MOUs 34 for receiving optical beams from the atmosphere. Preferably, MOUs 34 
are used in parallel to receive one or more light beams carrying identical data. Thus, if the line 
of sight from one of MOUs 34 is momentarily blocked, the data is nonetheless received by 
receiver 200. 

In a preferred embodiment of the present invention, receiver 200 comprises a switch 
202 which selectively connects the output from one of MOUs 34 to an FEU 36. Preferably, 
each MOU 34 comprises a respective photo detector 204 which determines the power of the 
beam received by the MOU. Preferably, respective couplers 206 provide a small fraction of the 
light beam from MOUs 34 to detectors 204. A control unit 208 preferably receives indications 
from detectors 204 and determines which MOU 34 is to be connected by switch 202 to FEU 
36, e.g., which MOU provides a light beam with the most power. Switch 202 preferably 
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comprises a fast optical switch, for example with a switching speed of 100 microseconds, such 

as the box switch manufactured by Akzo Nobel Beam from the Netherlands. In other preferred 
embodiments, slower and/or faster switches are used. 

In a preferred embodiment of the present invention, the signals received by MOUs 34 

5 originate from a single transmitting MOU (not shown). As the face area of the transmitted 
beam enlarges in atmosphere 26 due to beam divergence, each MOU 34 receives only a small 
fraction of the power of the transmitted beam. Using a plurality of receiving MOUs 34 in a 
single receiver 200, increases the chances of one of the MOUs 34 receiving a beam with 
sufficient power to extract the data carried by the beam. Preferably, MOUs 34 are relatively 

10 close to each other (e.g., a separation of 0-10 centimeters between adjacent collimators 40 
(Fig. 2)) such that all the collimators are located within the face area of the transmitted beam. 

Alternatively or additionally, some or all of MOUs 34 receive separate beams from 
separate sources which transmit light beams through the atmosphere. In a preferred 
embodiment of the invention, each MOU 34 of receiver 200 receives a separate beam from a 

15 respective MOU in a multiple-MOU transmitter. In a preferred embodiment of the invention, 
the separate beams are non-overlapping in the vicinity of receiver 200. Alternatively or 
additionally, the beams do not overlap in the vicinity of a transmitter from which they are 
transmitted. Preferably, the MOUs transmit coherent beams which originate from a single light 
beam which is split for transmission. Alternatively, the MOUs transmit non-coherent beams 

20 generated separately from electrical signals. Further alternatively, at least some of the separate 
beams are generated from a single beam using free-space optical apparatus, such as mirrors 
and/or optical beam splitters. Further alternatively or additionally, the separate beams have 
different polarization components. Preferably, the polarization components of the separate 
beams are mutually orthogonal. In a preferred embodiment of the present invention, two 

25 beams with orthogonal polarization components are transmitted. 

In some preferred embodiments of the present invention, MOUs 34 are sufficiently 
distanced from each other such that an object (e.g., birds, kites) blocking one of the beams 
does not block the other beams. In a preferred embodiment of the present invention, the 
distance between each two collimators 40 of MOUs 34 is larger than 50 centimeters, more 

30 preferably larger than 1 meter. It is noted that a bird passing through the path of a light beam 
received by receiver 200 generally blocks the light beam for about 0.1 second, while the 
compensating switching is performed at the speed of switch 202 which is preferably less than 
100 microseconds. Although with such a switching time some data may be lost, the receiver 
and transmitter do not lose their mutual coordination as normally happens when the 
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transmission is interrupted for more than a predetermined standard time, usually between 10- 

1 00 milliseconds. 

In a preferred embodiment of the present invention, MOUs 34 are organized in a 
horizontal or vertical array. Alternatively or additionally, MOUs 34 are organized in an 

5 arrangement which minimizes the chances that the light path to all the MOUs will be blocked 
simultaneously. For example, MOUs 34 may be arranged diagonally or circularly. It is further 
noted that MOUs 34 are not necessarily arranged on a common plane. Furthermore, an array of 
MOUs may include different types of MOUs. Preferably, each of the MOUs in the array may 
be used for transmission, reception or both. 

10 Although the above description shows switch 202 as being located between MOUs 34 

and a single FEU 36, switch 202 may be located at substantially any other position within 
receiver 200. Specifically, each MOU 34 may have a respective unit which performs some or 
all of the tasks of FEU 36 (e.g., amplification, AGC correction, conversion to electrical 
signals) before the switching. 

15 Alternatively or additionally to using switch 202 and control unit 208 to select a beam 

from one of MOUs 34, receiver 200 comprises a combiner which combines the beams from 
some or all of the MOUs. In a preferred embodiment of the invention, the beams are combined 
optically. The beams are preferably non-coherent beams so that the beams do not interfere 
with each other when they are combined. Alternatively or additionally, the number of MOUs 

20 34 included in receiver 200 is large, i.e., more than 6, more preferably, more than 10, 15 or 20 
in order to limit the extent of the interference. Further alternatively or additionally, each MOU 
34 comprises a polarizer which provides a beam with a different polarization than the other 
beams. Preferably, the beams from the different MOUs 34 have polarizations which are 
mutually orthogonal. 

25 In some preferred embodiments of the present invention, receiver 200 serves also as a 

transmitter. In a preferred embodiment of the present invention, the MOU 34 selected by 
switch 202 handles a bi-directional beam as described above with reference to Figs. 1-2. 
Alternatively, a single one of MOUs 34 serves as a transmitting MOU regardless of whether 
the MOU is currently connected through switch 202 to FEU 36. Further alternatively, a 

30 separate transmitting MOU (not shown) only for transmission and MOUs 34 are used only to 
receive light beams. Further alternatively, a plurality of MOUs 34, e.g., all of the MOUs, are 
used for transmission. 

Preferably, MOUs 34 are mounted on separate bases 44 and are independently 
adjusted. Alternatively or additionally, some or all of MOUs 34 are mounted on a single base 
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44 and their positions are adjusted together. 

In a preferred embodiment of the present invention, receiver 200 may be used 

alternatively for receiving a plurality of beams carrying different data or for receiving one or 

more beams carrying the same data by a plurality of MOUs 34. Preferably, when the 

5 atmosphere causes relatively small fluctuations, the plurality of receivers are used with a 
plurality of transmitters which transmit beams carrying different data, achieving a high 
bandwidth transmission. However, when the atmosphere causes large fluctuations, the MOUs 
are preferably used together with a single transmitter, to minimize the fluctuations, achieving a 
lower bandwidth transmission. 

10 In some preferred embodiments of the present invention, the connections between 

MOU 34 and FEU 36 are optically wireless rather than using a fiber. It is noted that for short 
distances the apparatus required for such transmission is much simpler than for hundreds of 
meters. 

Using the apparatus described above, metropolitan networks including a plurality of 
15 atmospheric optical links are relatively simple to produce. Such networks may include 
substantially only atmospheric links or may be hybrid networks which are partially formed of 
fibers. Using atmospheric links is especially advantageous in metropolitan areas where the cost 
of laying optical fibers and other wires is relatively high. Atmospheric optical links may be 
used to transfer data also inside buildings. Thus there is no need to have cables lying on the 
20 floors of the building and/or make holes in walls to pass the wires. It is noted that within 
buildings the transmission distances are short and there is substantially no tabulation. 
Therefore, links within buildings are preferably implemented without amplifiers and/or AGC 
correction. 

Fig. 10 is a schematic illustration of an optical network 230, in accordance with a 
25 preferred embodiment of the present invention. Network 230 preferably is used to distribute 
one or more data-carrying light beams throughout a given area. Network 230 preferably 
comprises a plurality of transceivers 22 (marked 22A, 22B, etc.) which transmit and/or receive 
data-carrying light beams through the atmosphere. In a preferred embodiment of the present 
invention, one or more mirrors 234 are used in passing the light beam between transceivers 22 
30 which cannot establish a direct optical path between them, for example, due to an intervening 
building 236. Mirrors may also be used within buildings, for example to bring a light beam 
from an MOU 34 located within a building to a point out of the building from which the beam 
may be transmitted. 

In a preferred embodiment of the present invention, when the distance between two 
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transceivers 22A and 22B is too large, a pair of back to back transceivers 22C and 22D may be 

used to allow transmission between the distanced transceivers. In some preferred embodiments 
of the present invention, back to back transceivers are used to go around obstacles. Back to 
back transceivers 22C and 22D may be adjacent each other or may be connected by a short or 
5 long fiber. For example, back to back transceiver may receive a beam from one window of a 
building and transmit the beam through another window. 

In some preferred embodiments of the present invention, network 230 also includes 
one or more fibers 232 which are used to pass the one or more light beams over some of the 
area of the network. A plurality of add and drop multiplexers (ADMs) 238, or other LTEs, 
10 serve as interfaces to network 230. For example, in order to transmit data from a public switch 
240 to a client 242, the data is encoded into a light beam of a dedicated bandwidth and added 
at ADM 238A to the light beam passed throughout network 230. At an ADM 238B serving 
client 242 the light beam of the dedicated bandwidth is removed from the light beam of 
network 230 and is passed to the client which extracts the data therefrom. 
15 Preferably, network 230 has an adjustable topology. The topology is preferably 

adjusted by moving the bases 44 of the MOUs 34 of transceivers 22, as described above with 
reference to Fig. 2. In a preferred embodiment of the invention, the topology of network 230 is 
adjusted according to bandwidth considerations. For example, transceivers 22E and 22F may 
pass the beam either over paths 242E and 242F or over paths 250. The topology is preferably 
20 adjusted according to commands sent from an automatic network manager to the transceivers 
22, Preferably, the selection of the path is performed based on the bandwidth needs of clients 
246 and 248. In an exemplary embodiment, network 230 is used as a backup network and/or as 
a supplementary network. 

Alternatively or additionally, the topology of network 230 is adjusted according to 
25 weather conditions. For example, path 242A may be relatively long such that it may be used 
only on days with good visibility. On other days paths 244 are preferably used instead. 

In a preferred embodiment of the present invention, transceivers 22 are all optical 
transceivers which do not perform conversion of light beams to electrical signals. Therefore, 
transceivers 22 do not require separate amplifiers for each wavelength carried by network 230. 
30 Also, substantially no changes are required in all optical transceivers in order to add 
wavelengths to the light beam of the network or to change a wavelength. 

It is noted that although operating FEU 36 using single-mode apparatus and providing 
single-mode beams from the FEU (i.e., through fiber 28) is advantageous, some of the 
embodiments of the present invention may be carried out with a multi-mode FEU 36. For 
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example, networks formed at least partially from multi-mode fibers and/or networks in which 

regenerators are used, may employ multi-mode FEUs 36. In these embodiments, fiber 30 

which receives the light beam from the atmosphere is preferably a multi-mode fiber. 

It is noted that although many of the above described embodiments are directed 

5 primarily to transmission of data carrying data beams of high data rates, through outdoor 

atmosphere conditions over substantial distances, the principles of some of the above 

described embodiments are applicable also to other modes of transmission. Specifically, some 

of the above described embodiments may be implemented in indoor environments, for short 

distance transmissions and/or for beams carrying data at low data rates, 

10 It is further noted that the data carrying light beams handled in preferred embodiments 

of the present invention may carry substantially any form of data, including, for example, 

computer data packets, telephone conversations and video broadcasting. 

It is further noted that although the transmission apparatus described above was 

described as being distributed between MOU 34 and FEU 36, it will be understood that the 

15 apparatus may be included in a single combined unit and/or may be divided between 

substantially any number of units in any suitable division. 

It will be appreciated that the above described methods may be varied in many ways, 

including, changing the order of steps, and the exact implementation used. It should also be 

appreciated that the above described description of methods and apparatus are to be 

20 interpreted as including apparatus for carrying out the methods and methods of using the 

apparatus. 

The present invention has been described using non-limiting detailed descriptions of 
preferred embodiments thereof that are provided by way of example and are not intended to 
limit the scope of the invention. It should be understood that features described with respect to 
25 one embodiment may be used with other embodiments and that not all embodiments of the 
invention have all of the features shown in a particular figure. Variations of embodiments 
described will occur to persons of the art. Furthermore, the terms "comprise," "include," 
"have" and their conjugates, shall mean, when used in the claims, "including but not 
necessarily limited to." The scope of the invention is limited only by the following claims: 
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CLAIMS 

1 . A method of transferring a data-carrying light beam, comprising: 

transmitting the light beam, from a first location, through the atmosphere, outdoors; 

and 

5 directing at least a portion of the transmitted beam into a single-mode fiber, at a second 

location. 

2. A method of transferring a data-carrying light beam, comprising: 

transmitting the light beam through the atmosphere over a distance of at least 30 
10 meters; and 

directing at least a portion of the transmitted beam into a single-mode fiber. 

3. A method according to claim 1 or claim 2, wherein directing the portion of the beam 
into the fiber comprises directing using a collimator having an effective lens diameter smaller 

15 than 10 centimeters. 

4. A method according to claim 1 or claim 2, wherein directing the portion of the beam 
into the fiber comprises directing using a collimator having an effective lens diameter smaller 
than 3 centimeters, 

20 

5. A method according to claim 1 or claim 2, wherein directing the portion of the beam 
into the fiber comprises directing using a collimator having an effective lens diameter smaller 
than 1.5 centimeters, 

25 6. A method according to claim 1 or claim 2, wherein the single-mode fiber has a core 
diameter smaller than 30 micrometers. 

7. A method according to claim 6, wherein the single-mode fiber has a core diameter of 
, about 10 micrometers. 

30 

8. A method according to claim 1 or claim 2, wherein the portion of the beam is passed 
directly into the fiber without passing through a multi-mode fiber. 

9. A method according to claim 1 or claim 2, wherein transmitting the beam comprises 
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10. A method according to claim 1 or claim 2, wherein transmitting the beam comprises 
transmitting from a fiber which concurrently receives abeam from the atmosphere. 

5 

11. A method according to claim 10, comprising concurrently amplifying the transmitted 
and received beam by a single optical amplifier. 

12. A method according to claim 1 or claim 2, wherein directing the portion of the beam 
10 into the fiber comprises directing a plurality of portions of the beam into a plurality of 

respective fibers. 

13. A method according to claim 12, comprising selecting one of the plurality of fibers, 
and passing the portion of the beam from the selected fiber to an output fiber. 

15 

14. A method according to claim 13, wherein selecting the one of the plurality of fibers 
comprises selecting a fiber carrying a beam with a strongest power among the plurality of 
fibers. 

20 15. A method according to claim 12, comprising combining the beams from at least some 
of the plurality of fibers and passing the combined beam to an output fiber. 

16. A method according to claim 12, comprising independently adjusting the orientations 
of the plurality of portions of the beam directed into the plurality of fibers. 

25 

17. A method according to claim 1 or claim 2, comprising passing the light beam directed 
into the fiber through an optical amplitude modifier. 

18. A method according to claim 17 3 wherein passing the light beam through the optical 
30 amplitude modifier comprises changing the amplitude of the light beam by a dynamically 

adjusted amplification or attenuation factor. 

19. A method according to claim 18, wherein changing the amplitude by a dynamically 
adjusted amplification or attenuation factor comprises changing by a factor determined 

48 

Ai/^rvpn SHEET 



'00 THU 18:26 FAX 972 3 9215383 FENSTER & CO 

185/01250 A01 

transmitting from a single-mode fiber. 



09/11 00 THU 18:26 FAX 972 3 9215383 

■'" 185/01250 A01 

responsive to power fluctuations of the beam caused by tabulation in the atmosphere. 

20. A method according to claim 1 or claim 2, comprising amplifying the transmitted light 
beam using an optical amplifier. 

5 

21 . A method of transferring a data-canying light beam, comprising: 
transmitting the light beam through the atmosphere; and 

directing a portion of the transmitted beam into a fiber, using a collimator which 
weighs less than one kilogram. 

10 

22. A method according to claim 21, wherein directing the portion of the beam comprises 
^ ;;;; directing using a collimator which weighs less than 250 grams. 

23. A method according to claim 21, wherein directing the portion of the beam into the 
f 15 fiber comprises directing from a transmission location using apparatus which has a total 

weight less than five kilograms. 

24. A method according to claim 21, wherein the collimator has an effective lens diameter 
smaller than 3 centimeters. 

25. A method according to claim 2L wherein directing the portion of the beam comprises 
directing from a transmission location using apparatus contained in a total volume of less than 
6 litres. 

25 26. A method of correcting a data-carrying light beam, comprising: 
receiving a data-carrying light beam with power fluctuations; and 
performing base line correction of the light beam, using only optical apparatus. 

27. A method according to claim 26, wherein performing base line correction comprises 
30 variably changing the amplitude of the received beam and wherein at least some of the 

amplitude changes have a variation rate higher than 1 kHz. 

28. A method of transferring a data-carrying light beam, comprising: 
transmitting the data-carrying light beam through the atmosphere; 

35 directing a received beam including at least a portion of the transmitted beam into a 
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variably changing the amplitude of the received beam, using optical apparatus, 

29. A method according to claim 28, wherein variably changing the amplitude comprises 
5 changing by a factor determined responsive to an extent to which the received beam was 

affected by turbulation in the atmosphere. 

30. A method according to claim 28, wherein variably changing the amplitude comprises 
changing by a factor determined responsive to an average power level of the received beam. 

10 

31. A method according to claim 28, comprising determining the momentary power of the 
received beam and wherein variably changing the amplitude of the received beam comprises 
amplifying or reducing the amplitude by a factor determined responsive to the determined 
momentary power of the received beam. 

15 

32. A method according to claim 31, wherein determining the power of the received beam 
comprises passing a portion of the received beam to a light detector. 

33. A method according to claim 32, wherein passing the portion of the received beam to 
20 the light detector comprises passing a portion of the received beam after its amplitude is 

variably changed. 

34. A method according to claim 28, wherein at least some of the amplitude changes have 
a variation rate higher than 1 kHz. 

25 

35. A method according to claim 28, wherein a rate of change of the amplification level of 
the optical apparatus which performs the variable change is at least 1 kHz. 

36. A method according to claim 28, wherein a rate of change of the amplification level of 
30 the optical apparatus which performs the variable change is at least 50 Hz. 

37. A method according to claim 28, wherein variably changing the amplitude comprises 
variably amplifying or attenuating by an optical amplifier. 
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38, A method according to claim 28, wherein variably changing the amplitude comprises 

variably attenuating by an optical attenuater. 

39, A method according to claim 28, comprising additionally passing the received beam 
5 through an additional optical apparatus which changes the amplitude of the received beam, 

40, A method according to claim 28, wherein variably changing the amplitude comprises 
passing the received beam through a saturated optical amplifier. 

10 41. A method according to claim 40, wherein passing the received beam through a 
saturated optical amplifier comprises passing the received beam through an erbium doped fiber 
amplifier (EDFA). 

42. A method according to any of claims 28-41, wherein transmitting the data-carrying 
15 light beam comprises combining a reference beam to the data-carrying light beam and 

transmitting the combined beam. 

43. A method according to claim 42, wherein variably changing the amplitude comprises 
changing by a factor determined responsive to an extent to which the reference beam was 

20 affected by tabulation in the atmosphere. 

44. A method according to claim 42, wherein the reference beam and the data-carrying 
beam have substantially different electrical frequencies. 

25 45. A method according to claim 42, wherein the reference beam and the data-carrying 
beam have substantially different optical wavelengths. 

46. A method according to claim 42, wherein the reference beam is used for adjusting the 
orientation of apparatus directing the received beam into the fiber. 

30 

47. A method according to claim 42, comprising: 

extracting at least a portion of the reference beam from the received beam and 
amplifying the extracted portion of the reference beam with a fixed amplification level; 
combining the amplified reference beam to the received beam; and 

51 



WO 00/54413 PCT/IL00/00104 

passing the combined beam through a saturated optical amplifier. 



48. A method according to claim 47, wherein amplifying with a fixed amplification level 
comprises amplifying the reference beam such that the reference beam will saturate the optical 

5 amplifier. 

49. A method according to claim 47, wherein amplifying the extracted beam comprises 
regenerating the reference beam. 

10 50. A method according to claim 49, wherein regenerating the reference beam comprises 
regenerating the reference beam at a wavelength different from the wavelength of the received 
reference beam. 

Q 51. A method according to claim 49, wherein regenerating the reference beam comprises 
•^15 regenerating the reference beam at a wavelength different from any of the wavelengths of the 
|; ; j data-carrying beam. 

m 52. A method according to claim 47, wherein the reference beam and the data-carrying 
Si beam have substantially different optical wavelengths and wherein extracting the at least 
LF120 portion of the reference beam comprises passing at least a portion of the received beam 
12 through a filter. 

53. A method according to any of claims 28-41, comprising variably changing the 
amplitude of an additional beam propagating in an opposite direction from the received beam, 

25 concurrently with variably changing the amplitude of the received beam. 

54. A method according to claim 53, wherein variably changing the amplitude of the 
additional beam propagating is performed using the same apparatus as the changing of the 
amplitude of the received beam. 

30 

55. A method according to any of claims 21-41, wherein transmitting the light beam 
through the atmosphere comprises transmitting outdoors. 



56. A method according to any of claims 1, 2, and 21-41, wherein transmitting the light 

52 



WO 00/54413 PCT/IL00/00104 

beam through the atmosphere comprises transmitting over a distance of at least 100 meters. 



57, A method according to claim 56, wherein transmitting the light beam through the 
atmosphere comprises transmitting over a distance of at least 1000 meters. 

5 

58. A method of correcting a data-carrying light beam, comprising: 
determining a momentary power level of the beam; and 

variably changing the amplitude of the beam, using optical apparatus. 

10 59. A method according to any of claims 1, 2, 21-41 and 58, wherein the data-carrying 
light beam carries data in a plurality of distinct wavelengths. 

3 60. A transceiver for receiving data-carrying light beams from the atmosphere, comprising: 

2 a fiber; and 

J 5 a collimator with a divergence level lower than 0.3 mRad, which directs a light beam 

3 from the atmosphere into the fiber. 

61. A transceiver according to claim 60, wherein the fiber comprises a single mode fiber. 

n20 62. A transceiver according to claim 60, wherein the fiber comprises a segment of a multi- 
mode fiber shorter than 1 meter, which is connected to a single mode fiber. 

63. A transceiver according to claim 60, comprising a scrambler which is applied to the 
multi-mode fiber segment. 

25 

64. A transceiver according to claim 60, wherein the collimator has a divergence level 
lower than 0.2 mRad. 

65. A transceiver according to any of claims 60-64, comprising a retro-reflector which 
30 reflects light beams received over a wide angle range. 

66. A transceiver according to claim 65, comprising an automatic shutter which covers the 
retro-reflector during data transmission. 
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67. A transceiver according to claim 65, wherein the retro-reflector changes at least one 

characteristic of beams which it reflects. 

68. A transceiver according to claim 67, wherein the retro-reflector comprises a chopper. 

5 

69. A transceiver according to claim 67, wherein the retro-reflector absorbs one or more 
light wavelengths. 

70. A transceiver for transmitting and receiving data-carrying light beams through the 
10 atmosphere, comprising: 

a first fiber which receives a first beam for transmission through the atmosphere; 

a second fiber which passes a second beam received from the atmosphere; and 

a collimator which transmits the beam received by the first fiber to the atmosphere, and 

;. 3 receives from the atmosphere the beam provided to the second fiber. 

'l;h5 

[»3 71. A transceiver according to claim 70, comprising a circulator which connects the 
s , " collimator to the first and second fibers. 

l J 72. A transceiver according to claim 70, comprising a fiber splitter which connects the 
Ml 20 collimator to the first and second fibers. 

73. A transceiver according to claim 70, wherein the collimator transmits the beam from 
the first fiber and receives the beam for the second fiber, concurrently. 

25 74. A transceiver according to claim 70, comprising an optical amplitude modifier which 
concurrently changes the amplitude of the first and second beams. 

75. A transceiver according to claim 74, wherein the optical amplitude modifier variably 
changes the amplification level of the beams passing through it. 

30 

76. A transceiver according to claim 75, comprising a controller which changes the 
amplification factor of the modifier responsive to the instantaneous power of the beam 
received from the atmosphere. 
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77. A transceiver according to claim 75, comprising a controller which changes the 

amplification factor of the modifier responsive to commands received from a remote location. 

78. A transceiver according to claim 74, wherein the optical amplitude modifier has a 
substantially constant amplification factor, 

79. A transceiver according to claim 74, wherein the optical amplitude modifier comprises 
an optical amplifier. 

80. A transceiver according to claim 79, wherein the optical amplifier operates in 
saturation. 

81. A transceiver according to claim 74, wherein the optical amplitude modifier comprises 
an attenuator. 

82. A transceiver according to claim 74, comprising at least one additional optical 
amplitude modifier which changes the amplitude of only one of the first and second beams. 

83. A transceiver according to claim 82, wherein the at least one additional optical 
amplitude modifier comprises at least one optical amplitude modifier for each of the first and 
second beams. 

84. A transceiver according to claim 83, wherein the at least one optical amplitude 
modifier of the first beam comprises a low-noise optical amplifier. 

85. A transceiver according to claim 83, wherein the at least one optical amplitude 
modifier of the second beam comprises an optical amplifier with a high amplification change 
rate. 

86. A transceiver according to claim 83, comprising at least one isolator between the 
optical amplitude modifier of the first beam and the optical amplitude modifier of the first and 
second beams. 



87. A transceiver according to claim 74-86, wherein the optical amplitude modifier which 
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changes the amplitude of the first and second beams comprises a low noise optical amplifier. 



88. A method of transmitting a data-carrying light beam, comprising: 
transmitting the data-carrying light beam through the atmosphere; 

5 directing the beam from the atmosphere into a fiber; and 

transferring the beam within the fiber -over a distance of at least 100 meters before 
regenerating the beam. 

89. A transceiver according to claim 88, wherein transferring the beam within the fiber 
10 comprises transferring over a distance of at least 1000 meters, 

90. A transceiver according to claim 88, wherein the beam comprises a multiple 
i wavelength beam. 

^15 91 . A transceiver according to any of claims 88-90, wherein transmitting the data-carrying 
!; is f light beam through the atmosphere comprises transmitting over a distance of at least 30 
meters. 

92. A method of receiving a data-carrying light beam from the atmosphere, comprising: 
U120 directing data-carrying light carrying a single data stream from the atmosphere into a 
j;7 plurality of fibers; 

determining a characteristic of at least one of the beams in the plurality of fibers; and 
selecting at least one of the beams in the plurality of fibers responsive to the 
determined characteristic. 

25 

93. A method according to claim 92, wherein directing the data-carrying light into the 
plurality of fibers comprises directing light transmitted as a plurality of separate beams. 

94. A method according to claim 93, wherein directing the data-carrying light into the 
30 plurality of fibers comprises directing light transmitted from a plurality of separate collimators. 

95. A method according to claim 93, wherein directing the data-carrying light into the 
plurality of fibers comprises directing light transmitted as a plurality of spatially non- 
overlapping beams. 
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96. A method according to claim 93, wherein directing the data-carrying light into the 
plurality of fibers comprises directing light split at a transmitting end by free-space optical 
apparatus into the plurality of separate beams. 

5 

97. A method according to claim 92, wherein directing the data-carrying light into the 
plurality of fibers comprises directing light transmitted as a single beam. 

98. A method according to claim 92, wherein determining the characteristic comprises 
10 determining the beam power of the at least one of the beams. 

99. A method according to claim 98, wherein selecting at least one of the beams comprises 
selecting a beam with at least a predetermined power. 

15 100. A method according to claim 98, wherein selecting at least one of the beams comprises 
selecting a beam with a highest power. 

101. A method according to claim 98, wherein selecting at least one of the beams comprises 
selecting a plurality of the beams and combining the selected beams. 

20 

102. A method according to claim 98, wherein selecting the plurality of the beams 
comprises selecting less than all the beams directed into the fibers. 

103. A method according to claim 92, wherein determining the characteristic comprises 
25 determining for substantially all the plurality of fibers. 

104. A receiver of data-carrying light beams from the atmosphere, comprising: 
an output fiber; 

a plurality of light paths, which affect at least one characteristic of the beams passing 
30 through them differently; and 

at least one beam diverter which selectively directs at least one light beam received 
from the atmosphere through at least one of the plurality of light paths, to the output fiber. 



105. A receiver according to claim 104, wherein the at least one beam diverter comprises at 
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106. A receiver according to claim 104, wherein the at least one beam diverter comprises at 
least one wavelength selective coupler, 

107. A receiver according to claim 104, wherein the at least one beam diverter passes a light 
beam to the output fiber through a single light path. 

108. A receiver according to claim 104, wherein the at least one beam diverter comprises at 
least one optical switch. 

109. A receiver according to claim 108, comprising a controller which sets the state of the at 
least one switch. 

110. A receiver according to claim 109, wherein the controller sets the state of the at least 
one switch responsive to instructions received on a control connection. 

111. A receiver according to claim 109, wherein the controller sets the state of the at least 
one switch responsive to weather conditions. 

1 12. A receiver according to claim 109, comprising at least one detector which determines a 
characteristic of at least one light beam in at least one of the plurality of paths and wherein the 
controller sets the state of the switch responsive to the determined characteristic. 

113. A receiver according to claim 112, wherein the determined characteristic comprises a 
beam power. 

114. A receiver according to claim 112, wherein the determined characteristic comprises a 
beam wavelength. 

115. A receiver according to claim 104, wherein at least some of the plurality of light paths 
utilize a common collimator. 

116. A receiver according to claim 104, wherein at least some of the plurality of light paths 

58 



WO 00/54413 
utilize a common optical amplifier. 



PCT/ILOO/00104 



117. A receiver according to claim 104, wherein the plurality of light paths comprise a 
plurality of collimators which have different effective lens diameters. 

118. A receiver according to claim 104, wherein at least one of the plurality of light paths 
comprises an out of focus collimator. 

119. A receiver according to claim 104, wherein at least one of the plurality of light paths 
transmits a beam to the atmosphere. 

120. A receiver according to claim 1 19, wherein the at least one light path which transmits a 
beam to the atmosphere comprises a predetermined path selected irrespective of the state of the 
at least one beam diverter. 

121 . A receiver according to claim 1 1 9, wherein the at least one light path which transmits a 
beam to the atmosphere comprises at least one path currently coupled by the beam diverter to 
the output fiber. 

122. A receiver according to claim 104, wherein the plurality of paths comprise a plurality 
of collimators and the receiver comprises a controller which applies common adjustments to 
the gaze directions of the collimators. 

123. A receiver according to claim 122, wherein the plurality of collimators are mounted on 
a common base which adjusts the gaze directions of the collimators. 

124. A receiver according to claim 104, wherein the plurality of paths comprise a plurality 
of collimators which are mounted on respective separate bases which adjust the gaze direction 
of the collimators irrespective of each other. 

125. A transmitter of data-carrying light beams to the atmosphere, comprising: 

a plurality of transmission light paths, which affect at least one characteristic of the 
beams passing through them differently, for transmitting light beams to the atmosphere; and 

at least one beam diverter which directs a received light beam through at least one of 
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126. A transmitter according to claim 125, wherein the plurality of paths comprise at least 
one path including a receiver and a transmitter which regenerate a beam passing through them. 

127. A transmitter according to claim 125, wherein the plurality of paths comprise at least 
one all optical path. 

128. A transmitter according to claim 125, wherein the plurality of paths comprise a 
plurality of different processing units. 

129. A transmitter according to claim 125, wherein the plurality of paths comprise at least 
one path which includes only a collimator. 

130. A transmitter according to claim 125, wherein the plurality of paths comprise a 
plurality of different collimators. 

131 A transmitter according to claim 130, wherein the plurality of different collimators 
comprise a plurality of collimators with different effective lens diameters. 

132 A transmitter according to claim 130, wherein the plurality of different collimators 
comprise a plurality of collimators with different focus adjustments. 

133. A receiver according to claim 125, wherein at least one of the plurality of paths 
comprises an out of focus collimator. 

134. A transmitter according to claim 125, wherein at least some of the plurality of paths 
comprise a common processing unit or a common collimator. 

135. A transmitter according to claim 125, wherein the at least one beam diverter comprises 
a fiber splitter. 

136. A transmitter according to claim 125, wherein the at least one beam diverter comprises 
a wavelength selective coupler. 
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137. A transmitter according to claim 125, wherein the at least one beam diverter comprises 
at least one optical switch. 

5 138. A transmitter according to claim 137, wherein the at least one switch selects the at least 
one path responsive to weather conditions. 

139. A transmitter according to claim 137, wherein the at least one switch selects the at least 
one path responsive to one or more characteristics of the received light beam. 

10 

140. A transmitter according to claim 139, wherein the one or more characteristics of the 
received light beam used in selecting the path comprise the wavelengths of the light beam. 

141. A transmitter according to claim 139, wherein the one or more characteristics of the 
15 received light beam used in selecting the path comprise the data rate of the light beam. 

142. A method of transmitting data through the atmosphere, comprising: 

transmitting through the atmosphere a plurality of data-carrying light beams carrying 
substantially the same data content at the same time; 
20 receiving the plurality of light beams at a common location, using respective separate 

apparatus; and 

generating an output light beam from at least one of the received light beams. 

143. A method according to claim 142, wherein transmitting the plurality of beams 
25 comprises transmitting a plurality of non-coherent beams. 

144. A method according to claim 142, wherein transmitting the plurality of beams 
comprises transmitting a plurality of coherent beams. 

30 145. A method according to claim 142, wherein transmitting the plurality of beams 
comprises transmitting a plurality of beams with different polarizations. 

146. A method according to claim 142, wherein transmitting the plurality of beams 
comprises transmitting a plurality of beams with orthogonal polarizations. 
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147. A method according to claim 142, wherein transmitting the plurality of beams 
comprises transmitting at least six beams. 

148. A method according to claim 142, wherein generating the output light beam comprises 
selecting one of the received light beams. 

149. A method according to claim 142, wherein generating the output light beam comprises 
combining at least some of the received light beams. 

150. A network for transferring data-carrying light beams, comprising: 

a plurality of transceivers which transmit and receive data beams to and from the 
atmosphere; and 

a network management processor which passes orientation instructions to at least some 
of the transceivers to orient in pairs in order to implement a network topology. 

151. A network according to claim 150, wherein the management processor passes the 
orientation instructions to the at least some of the transceivers over telephone wires. 

152. A network according to claim 150, wherein the management processor passes the 
orientation instructions to the at least some of the transceivers using wireless communication. 

153. A network according to claim 150, wherein the management processor passes the 
orientation instructions to the at least some of the transceivers using light beam 
communication. 

154. A network according to claim 150-153, wherein the implemented network topology is 
selected from a plurality of predetermined topologies. 

155. A network according to claim 150-153, wherein the implemented network topology is 
chosen responsive to weather conditions. 

156. A network according to claim 150-153, wherein the implemented network topology is 
chosen responsive to indications received from at least one of the transceivers. 
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157. A network according to claim 150-153, wherein the implemented network topology is 
chosen responsive to the power of data beams received by at least one of the transceivers. 

5 158. A network according to claim 150-153, wherein the implemented network topology is 
chosen responsive to bandwidth needs. 

159. A method of transmitting data through the atmosphere, comprising: 

receiving a data-carrying light beam carrying signals at a first data frequency; 
10 generating a control beam carrying control signals at a second data frequency different 

from the first frequency; 

combining the control beam to the data-carrying light beam; and 
transmitting the combined beam through the atmosphere. 

ji5 160. A method according to claim 159, wherein the wavelength of the control beam is 
□ different from the wavelength of the data-carrying light beam. 



;L : 161. A method according to claim 159, wherein the frequency of the control beam is lower 
3 than the frequency of the data-carrying light beam. 

3° 

; as f 162. A method according to claim 159, wherein the frequency of the control beam is lower 
than 200 kHz. 

163. A method according to claim 159, comprising receiving the combined beam by a 
25 receiver. 

164. A method according to claim 163, comprising performing auto-tracking by the receiver 
using the control beam. 

30 165. A method according to claim 163, comprising performing automatic gain control by 
the receiver using the control beam. 

166. A method according to claim 163, comprising extracting control information directed 
to the receiver from the control beam. 
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167. A method of transmitting data through the atmosphere, comprising: 
determining at least one attribute of the atmosphere; and 

transmitting a light beam with at least one characteristic selected responsive to the at 
least one attribute of the atmosphere. 

168. A method according to claim 167, wherein the at least one attribute comprises a level 
of turbulence caused by the atmosphere. 

169. A method according to claim 167, wherein the at least one attribute comprises a level 
of fog in the atmosphere. 

170. A method according to claim 167, wherein determining the at least one attribute 
comprises transmitting a light beam and determining an influence of the atmosphere on the 
light beam. 

171. A method according to claim 167, wherein determining the at least one attribute 
comprises receiving a weather forecast. 

1 72. A method according to any of claims 1 67-1 7 1 , wherein the at least one characteristic of 
the light beam comprises a data rate of the data carried by the light beam. 

173. A method according to any of claims 167-171, wherein the at least one characteristic of 
the light beam comprises a wavelength of the light beam. 

1 74. A method according to any of claims 167-171, wherein the at least one characteristic of 
the light beam comprises a number of distinct data-carrying wavelengths in the light beam. 

175. A method according to any of claims 167-171, wherein the at least one characteristic of 
the light beam comprises a divergence level of the light beam. 

176. A transceiver for transferring light beams through the atmosphere, comprising: 
a fiber; 

at least one collimator which transfers light between the fiber and the atmosphere; and 
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an orientation adjustment unit which may change the direction of the light beam 

transferred by the collimator by at least 90 degrees. 

177. A transceiver according to claim 176, wherein the orientation adjustment unit 
comprises a rotatable base on which the collimator is mounted. 

178. A transceiver according to claim 176, wherein the orientation adjustment unit 
comprises optical appartus which changes the propagation direction of the light beam. 

179. A transceiver according to claim 176, wherein the orientation adjustment unit 
comprises a plurality of adjustment units. 

180. A transceiver according to claim 179, wherein the plurality of adjustment units 
comprise at least one orientation adjustment unit with a resolution smaller than 1 mRad. 

181. A method of orienting a pair of data-carrying light beam transceivers toward each 
other, comprising: 

providing reflectors which reflect beams received over a wide range of angles, on both 
of the transceivers; 

transmitting scanning light beams from both the transceivers into the atmosphere; and 
determining at each of the transceivers an orientation at which a reflection from the 
provided reflector of the transmitted scanning beams is received. 

182. A method according to claim 181, wherein providing the reflectors comprises opening 
respective shutters of the transceivers which block the reflectors. 

183. A method according to claim 181, wherein providing the reflectors comprises 
providing retro-reflectors. 

184. A method according to claim 181, wherein transmitting scanning light beams 
comprises deflecting the scanning light beam over a two dimensional pattern. 



185. A method according to claim 181, wherein determining the orientation comprises 
receiving a reflection and verifying that the reflection was received from the provided 
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reflector. 

186. A method according to claim 185, wherein verifying that the reflection was received 
from the provided reflector comprises switching off the scanning beam and checking whether 

5 the reflection is still received. 

187. A method according to claim 18, comprising passing the light beam from the optical 
amplitude modifier through an additional optical amplitude modifier. 

10 188 A method according to claim 187, wherein the optical amplitude modifier comprises a 
variable attenuator and the additional optical amplitude modifier comprises an amplifier. 

^f;; 189. A method according to claim 38, comprising additionally passing the received beam 

through an additional optical apparatus which amplifies the amplitude of the received beam; 

P. 15 

190. A transceiver according to claim 70, comprising an optical amplitude modifier which 
changes the amplitude of the second beam. 

; "q 191. A transceiver according to claim 190. wherein the optical amplitude modifier variably 

-; J 20 changes the amplitude of the second beam. 

^ 192. A transceiver according to claim 191, wherein the optical amplitude modifier 

comprises a variable attenuator. 

25 193. A transceiver according to claim 192, comprising at least one optical amplitude 
modifier with a fixed amplification level, which amplifies the amplitude of the second beam. 

194. A transceiver according to claim 190, comprising at least one additional optical 
amplitude modifier which changes the amplitude of the second beam. 
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